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A STUDY O F  D IST R IB U T E D  P A R A M E T E R S  IN 
N U C L E A R  R E A C T O R  K INETICS
C H A P T E R  I
IN TRO D U CTIO N
The s tu d y  of th e  k in e t ic  b e h a v io r  of a n u c l e a r  r e a c t o r  i s  u s u a l ly  
b a s e d  on th e  n u c l e a r  r e a c t o r  k in e t ic  eq u a t io n s .  The e q u a t io n s  a r e :
, Ak - V S k
dn e ' e
d t
n + /  y. X. C.
1 1 1
dC. k  p.
d F  = ”  ■ h  S  i = 1 lo 6
Ak = k  -  1 
e e
w h e r e :
3
n  = n u m b e r  of n e u t ro n s  p e r  c m
2
= e f f e c t iv e  m u l t ip l ic a t io n  f a c to r
>2* = m e a n  n e u t r o n  l i f e t im e
(3 = t o t a l  f r a c t i o n  of n e u t r o n s  w h ich  a r e  d e la y e d
■y = e f f e c t i v e n e s s  of d e la y e d  n e u t ro n s
C. = e f f e c t iv e  c o n c e n t r a t i o n  o f  d e la y e d  n e u t ro n  p r e c u r s o r s  
p. = f r a c t i o n  of n e u t ro n s  d e la y e d  in  i - t h  g ro u p
= e f f e c t iv e n e s s  o f  th e  i - t h  g ro u p  o f  d e la y e d  n e u t ro n s
= d e c a y  c o n s ta n t  of th e  i - t h  p r e c u r s o r  g ro u p
T h e s e  e q u a t io n s  m a y  be  d e v e lo p e d  f r o m  th e  o n e - e n e r g y  g ro u p ,  t i m e  
d e p e n d e n t ,  d i f fu s io n  e q u a t io n  f o r  a n  u n r e f l e c t e d  h o m o g e n e o u s  r e a c t o r .  A 
d e r iv a t io n  of t h e s e  e q u a t io n s  i s  g iv e n  in  A p p e n d ix  A. T h is  p a r t i c u l a r  
d e r iv a t io n ,  w h ich  i s  l e s s  r i g o r o u s  th a n  o th e r  d e r iv a t io n s  found  in  the  
l i t e r a t u r e  [1] [2] [3] [4] w as  d e v e lo p e d  by t h e  a u th o r  to  p o in t  out m o r e  
c l e a r l y  th e  m a n y  a p p r o x im a t io n s  to  th e  p h y s ic a l  s y s t e m  w hich  m u s t  be 
m a d e  to  a r r i v e  a t  th e  e q u a t io n s .  It i s  show n th a t  th e  m o re  im p o r ta n t  
a p p ro x im a t io n s  i n c o r p o r a t e d  in  t h e s e  e q u a t io n s  a r e ;
1. T h e  m e d iu m  is  h o m o g e n e o u s
2. T h e  m e d iu m  is  a w e e k  a b s o r b e r  of n e u t ro n s
3. T h e  s p a t i a l  n e u t ro n  d i s t r i b u t io n  i s  th e  s a m e  d u r in g  
t r a n s i e n t  b e h a v io r  a s  a t  s te a d y  s t a t e .
The t h i r d  a p p r o x im a t io n ,  w h ic h  a p p e a r s  to  be  u n r e a l i s t i c  f o r  an
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a c tu a l  r e a c t o r ,  i s  a  r e s u l t  o f  th e  a s s u m p t io n  th a t  the s o lu t io n  to th e  
t im e  d e p e n d e n t  d i f fu s io n  e q u a t io n  i s  in  the  f o r m  of a p r o d u c t  of a  
t im e  fu n c t io n  a n d  a  s p a c e  fu n c t io n .  T h is  a s s u m p t io n  i s  e q u iv a le n t  
to s ta t in g  t h a t  th e  t i m e  d e p e n d e n t  b e h a v io r  a t  any  po in t in  s p ace  
c o m p le te ly  d e s c r i b e s  th e  t i m e  b e h a v io r  a t  e v e r y  o th e r  p o in t .  F o r  
th i s  r e a s o n ,  th e  k in e t ic  e q u a t io n s  g iv e n  above  w ill  be  r e f e r r e d  to  a s  
th e  " p o in t"  m o d e l  k in e t i c  e q u a t io n s .
T he  p o in t  m o d e l  k in e t i c  e q u a t io n s  m a y  now be l i n e a r i z e d  and  
t r a n s f o r m e d  to  o b ta in  a  c o n v e n t io n a l  t r a n s f e r  fu n c tio n  f o r  th e  r e a c t o r .  
The l i n e a r i z a t i o n  i s  a c c o m p l i s h e d  b y  a s s u m in g  th a t  k ^ ,  n , and  do 
n o t d e v ia te  f a r  f r o m  s te a d y  s t a t e  v a lu e s  so th a t  any t e r m s  c o n ta in in g  
p r o d u c t s  o f  th e  v a r i a t i o n s  m a y  be  d ro p p e d  a s  n e g l ig ib ly  s m a l l .
T he  l i n e a r i z e d  p o in t  m o d e l  k in e t ic  e q u a t io n s  th a t  r e s u l t  f r o m  
t h e s e  a p p r o x im a t io n s  a r e  show n in  A p p en d ix  B to  be :
Ak V- dAC.dAn e  = — ;—  n_
d t  y *  0
1 =  1
y '
dAC. p.
" d T ^  = An -  X. AC.
w h e r e
An = th e  v a r i a t i o n  of th e  n e u t r o n  c o n c e n t r a t i o n  a b o u t  n
0
4
AC. = th e  v a r i a t i o n  of the  i - t h  p r e c u r s o r  c o n c e n t r a t i o n  
1
abou t C.„ 
lO
Since th e se  e q u a t io n s  a r e  l i n e a r  i t  i s  p o s s i b le  to  o b ta in  a t r a n s f e r  
fu n c t io n  in  t e r m s  of th e  c h a r a c t e r i s t i c  p a r a m e t e r s  o f  th e  r e a c t o r .  As
show n in  A ppend ix  B th e  r e a c t o r  g a in ,  G, a n d  the  p h a s e  s h if t ,  0, m ay­
be a p p ro x im a te d  a t  f r e q u e n c i e s  above  te n  r a d i a n s  p e r  s e c o n d  by :
G = 10 log  ------ ^ ------
1 + (o T
-1
6 = ta n  (-coT)
w h e re
CO = f r e q u e n c y  in  r a d i a n s  p e r  s e c o n d
T = the s m a l l e s t  s y s t e m  t i m e  c o n s ta n t  and  i s  g iven  b y ,
T =
v P  ■
T h u s ,  if  the  f r e q u e n c y  r e s p o n s e  of th e  s y s t e m  i s  m e a s u r e d  a t  f r e ­
q u e n c ie s  in  the n e ig h b o rh o o d  of 1 / T  , th e  n e u t r o n  l i f e t i m e  m a y  be 
d e t e r m in e d  f ro m  e i t h e r  o f  the  above  e x p r e s s i o n s  p ro v id in g  y P  i s  known. 
T he  v a lu e s  for th e  p. h a v e  b e e n  m e a s u r e d  w ith  c o n s id e r a b le  a c c u r a c y  by 
K eep in ,  W im ett ,  a n d  Z e i g l e r  [27] an d  the  y. m a y  be  c a l c u la te d  f r o m  
e q u a t io n s  given in  A p p en d ix  A.
It i s  a p p a re n t  th a t  t h e r e  m a y  be s e r i o u s  e r r o r s  in  th e  m e a s u r e d  
v a lu e s  of th e  s y s t e m  p a r a m e t e r s  i f  a l l  of th e  a p p r o x im a t i o n s  n e c e s s a r y
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to d ev e lo p  the p r e c e d in g  e q u a t io n s  a r e  n o t  va lid .  One c a s e  w h e re  
e r r o r s  w ould  c e r t a i n l y  be p o s s ib le  w ou ld  be in  a v e r y  l a r g e  r e a c t o r  
if  the  in p u t d i s tu r b a n c e  w e re  l o c a l i z e d  in  one a r e a .  In th i s  c a s e  a 
w ave w ou ld  be p r o p a g a t e d  th ro u g h  th e  m e d iu m  f r o m  the  p o in t  of d i s ­
tu r b a n c e .  If th e  r e s p o n s e  w e re  m e a s u r e d  a t  a p o in t  d i s ta n t  f r o m  the  
d i s tu r b a n c e  one  w ould  e x p e c t  to s e e  a t  l e a s t  a  t im e  d e la y  r e l a t i v e  to 
a  m e a s u r e m e n t  m a d e  a t  a  point n e a r  th e  d i s tu r b a n c e .  The s a m e  ty p e  
of d e la y  w ould  be e x p e c te d  in  a s m a l l  r e a c t o r  if th e  e f fec t  of the  d i s ­
tu r b a n c e  w e re  m e a s u r e d  a t  a  po in t s o m e  d is ta n c e  f r o m  th e  r e a c t o r  
c o r e .
T h is  l a t t e r  c a s e  i s  of the  type  e n c o u n te r e d  in  p r e s s u r i z e d  w a te r  
o r  b o il in g  w a te r  p o w e r  r e a c t o r s .  T he  r e a c t o r  c o re  is  r e l a t i v e l y  s m a l l  
and ,  w ith  co o la n t  flow p a s s a g e s ,  c o n t r o l  r o d s ,  c o n t ro l  r o d  g u id e s ,  fu e l  
a l ig n m e n t  g u id e s ,  e tc .  , i s  q u ite  c o m p le x .  L i t t l e  s p a c e  i s  a v a i la b le  
fo r  i n s e r t i n g  n e u t r o n  d e te c t io n  e q u ip m e n t  in  the c o r e .  In a d d i t io n  to  the  
m e c h a n ic a l  p r o b le m ,  the  c o r e  r e g io n  i s  a t  h igh  t e m p e r a t u r e  a n d  th e  
n e u t ro n  f lu x  i s  l a r g e  w h en  the  r e a c t o r  i s  o p e r a t e d  a t  r a t e d  p o w e r .  B oth  
the  t e m p e r a t u r e  a n d  th e  f lu x  a r e  ab o v e  th e  n o r m a l  o p e r a t in g  r a n g e  of 
c o n v e n t io n a l  n e u t r o n  d e te c t io n  e q u ip m e n t .  It is  th e  g e n e r a l  p r a c t i c e ,  
t h e r e f o r e ,  to lo c a te  th e  n e u t r o n  d e te c t io n  e q u ip m e n t  o u ts id e  th e  c o re  
e n c l o s u r e  and b a s e  the  m e a s u r e m e n t s  on  the. n e u t ro n  d e n s i ty  a t th e  d e ­
t e c t o r  r a t h e r  th a n  on  th e  d e n s i ty  in  th e  c o r e .  T h is  te c h n iq u e  h a s
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l i m i t a t i o n s  ev e n  a t  s te a d y  s t a t e  o p e r a t io n  s in c e  th e  e f fec t  of c o n t ro l  
r o d  sh ad o w , fu e l  b u rn u p ,  xenon  p o is o n in g ,  t e m p e r a t u r e ,  an d  o th e r  
p h y s ic a l  c h a n g e s  in  c o r e  g e o m e t r y  o r  c o m p o s i t io n  a l l  e f fe c t  th e  
e f f ic ie n c y  of th e  d e t e c to r  to s o m e  e x te n t .  T h e s e  e f fe c t s  c a u s e  c h a n g e s  
w h ich  a r e  r e l a t i v e l y  s lo w  and  c a l i b r a t i o n s  m a y  be m a d e  p e r io d i c a l ly  
to  i n s u r e  th a t  th e  d e t e c to r  r e a d i n g s  a r e  m e a n in g fu l .
D y n am ic  s y s t e m  r e s p o n s e  of th e  r e a c t o r  in  th e  above i l l u s t r a t i o n  
m a y  be q u ite  d i f f e r e n t  f r o m  th e  r e s p o n s e  m e a s u r e d  a t  th e  d e t e c to r  
lo c a t io n .  The d i f f e r e n c e  in  th e  r e s p o n s e  i s  a  fu n c t io n  of th e  n u c l e a r  
p r o p e r t i e s  of th e  n e u t r o n  t r a n s m i s s i o n  m e d iu m  b e tw e e n  the  r e a c t o r  
c o r e  a n d  the  d e t e c to r  a n d  of th e  d i s ta n c e  s e p a r a t i n g  the  two. A lu m p e d  
p a r a m e t e r  m o d e l  such  a s  the  p o in t  m o d e l  k in e t ic  e q u a t io n s  c a n n o t  
a c c o u n t  f o r  th i s  d i f f e r e n c e .  It i s  n e c e s s a r y  to  in c lu d e  a  d i s t r i b u t e d  
p a r a m e t e r  d e s c r ip t i o n  o f  the  m e d iu m  to  o b ta in  a  m o d e l  w h ich  w il l  
in c lu d e  th e  d i s t a n c e  b e tw e e n  th e  r e a c t o r  c o r e  a n d  th e  d e t e c to r  a s  a 
p a r a m e t e r .  If su c h  a m o d e l  i s  e m p lo y e d  , th e n  th e  r e s p o n s e  m e a s u r e d  
a t  th e  d e t e c to r  lo c a t io n  m a y  be u s e d  to  c a l c u l a t e  th e  a c tu a l  r e a c t o r  
r e s p o n s e .  T h is  m o d e l  sh o u ld  be  a s  s im p le  a s  p o s s ib le  but m u s t  y ie ld  
v a l id  r e s u l t s  so th a t  i t  w il l  be u s e f u l  in  e x p e r i m e n t a l  m e a s u r e m e n t s  in  
r e a c t o r  k in e t i c s .
C H A P T E R  II
R EV IEW  O F PR EV IO U S WORK 
An e x c e l l e n t  r e v ie w  o f e a r l y  w o rk  in  the  f ie ld  of n u c l e a r  r e a c t o r  
k in e t ic s  i s  p r e s e n t e d  in  C h a p te r  1. 6 of T he  R e a c to r  H andbook , V olum e 1, 
p u b l i s h e d  by  th e  A to m ic  E n e r g y  C o m m is s io n  in  1955 [1 ]. T h is  p u b l i c a ­
t io n  is  p r o b a b ly  th e  b e s t  r e f e r e n c e  to  the  c l a s s i f i e d  r e s e a r c h  s p o n s o r e d  
by  the  A to m ic  E n e r g y  C o m m is s io n  in  the  e a r l y  s t a g e s  of r e a c t o r  d e v e lo p ­
m e n t .  F o r t y  of th e  s ix ty - f o u r  r e f e r e n c e s  c i te d  w e r e  s t i l l  c l a s s i f i e d  at 
th e  t i m e  of p u b l i c a t io n  bu t  the  c o n te n ts  w e re  r e l e a s e d  fo r  r e p r o d u c t io n  
in  u n c l a s s i f i e d  d o c u m e n ts .  T he  po in t m o d e l  k in e t ic  e q u a t io n s  a r e  d e r iv e d  
a n d  s o lu t io n s  a r e  o b ta in e d  fo r  v a r io u s  r e a c t i v i t y  in p u t fu n c t io n s .  No 
m e n t io n  i s  m a d e  of th e  s p a c e - t i m e  d ep en d e n c e  p r o b l e m  w hich  is  of p r i ­
m a r y  i n t e r e s t  in  th i s  p a p e r .
The w o rk  c i t e d  ab o v e  h a s  s e r v e d  a s  a  b a s i s  f o r  th e  d e s c r ip t io n  of 
n u c l e a r  r e a c t o r  k in e t i c s  in  m a n y  t e x t s  p u b l i s h e d  m o r e  r e c e n t ly .  S chu ltz  
[2] p r e s e n t s  e s s e n t i a l l y  th e  s a m e  d e r iv a t io n s  an d  s o lu t io n s  w ith  a n  a d d i ­
t io n  of a  g r a p h ic a l  m e th o d  of s o lu t io n  of th e  non  l i n e a r  eq u a t io n s  w ithou t 
l i n e a r i z a t io n .  M e g h r e b l i a n  a n d  H o lm e s  [3] p e r p e t u a t e  th e  s a m e  t r e a t ­
m e n t .  W e in b e rg  a n d  W ig n e r  [4 ] ,  a l th o u g h  t h e i r  d e r iv a t i o n  i s  m o r e
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e le g a n t ,  end up w ith  th e  s a m e  e q u a t io n s  a f te r  m a k in g  th e  s a m e  
a p p ro x im a t io n s .  W e in b e rg  an d  W ig n e r  do, h o w e v e r ,  in c lu d e  a s h o r t  
s e c t io n  on the  d if fu s io n  of a p e r io d i c  n e u t ro n  w ave  th ro u g h  a m o d e r a t in g  
m e d iu m .  O nly one e n e r g y  g ro u p  is  c o n s i d e r e d  so th a t  th e  r e l a t i o n s  
d e r iv e d  fo r  th e  p r o p a g a t io n  v e lo c i ty  of the  w av e  and  the  a t t e n u a t io n  
i n c u r r e d  a r e  u s e fu l  o n ly  a t  l a r g e  d i s t a n c e s  f r o m  the  s o u r c e  w h e r e  th e  
c o n t r ib u t io n  of f a s t  n e u t ro n s  i s  n e g l ig ib le .  A lso  the  e q u a t io n s  a p p ly  
o n ly  to a  good m o d e r a t o r  w ith  n e g l ig ib le  n e u t ro n  a b s o rp t io n .  W a te r  
w ould  c e r t a i n l y  no t f i t  th e  a s s u m p t io n s  m a d e  in  the  d e r iv a t io n .  W ing [5 ], 
i n  h is  te x t  on  t r a n s p o r t  t h e o ry ,  in c lu d e s  a r i g o r o u s  d e v e lo p m e n t  of the  
t im e - d e p e n d e n t ;  o n e - d im e n s io n ,  t r a n s p o r t  p r o b le m  but th e  c o m p l ic a te d  
s p a c e - t i m e - e n e r g y  r e l a t i o n s  th a t  r e s u l t  a r e  n o t  r e a d i ly  a p p l ic a b le  to  th e  
i n t e r p r e t a t i o n s  o f  e x p e r i m e n t a l  w o rk .  H is  a p p ro a c h  i s  f r o m  th e  m a th e -  
m a t i c a n s  v ie w p o in t  and ,  a s  he  s t a t e s  in  h is  P r e f a c e ,  " T h e  p r o b l e m s  of 
e x p e r im e n ta l  o r  t h e o r e t i c a l  d e t e r m in a t io n  of P h y s ic a l  P a r a m e t e r s  w h ich  
a r i s e  a r e  ig n o r e d  a l to g e th e r .  "
M o st o f  th e  w o rk  p u b l i s h e d  s in c e  1955 h a s  a p p e a r e d  e i t h e r  in  th e  
J o u r n a l  of th e  A m e r i c a n  N u c le a r  S o c ie ty ,  N u c le a r  S c ie n ce  and  E n g i n e e r ­
ing ,  o r  in  d o c u m e n ts  i s s u e d  by  A to m ic  E n e r g y  C o m m is s io n  s p o n s o r e d  
r e s e a r c h  g r o u p s .  T he  m o r e  p e r t i n e n t  a r t i c l e s  a r e  p r e s e n t e d  u n d e r  th e  
h e a d in g s  of t h e o r e t i c a l  p a p e r s ,  e x p e r i m e n t a l  p a p e r s ,  an d  r e l a t e d  to p ic s  
in  an  a t te m p t  to  o r g a n iz e  the  m a t e r i a l .
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T h e o r e t i c a l  P a p e r s  
An a r t i c l e  by A. F .  H e n ry  [6] in  1958 i s  one of the  e a r l i e s t  
s tu d ie s  of the  p o s s ib le  e r r o r s  in v o lv e d  in  a s s u m in g  s p a c e - t im e  
s e p a r a b i l i t y  to  deve lop  th e  n u c l e a r  r e a c t o r  k in e t ic  equa tions .  H e n ry  
d ev e lo p s  a  s e t  of k in e t ic  e q u a t io n s  d i r e c t l y  f r o m  th e  tim e d e p e n d e n t  
t r a n s p o r t  e q u a t io n  by tw o d i f f e r e n t  m e th o d s .  In th e  f i r s t  c a s e  c o n ­
s id e r e d ,  the  p r o p e r t y  o f  s e p a r a b i l i t y  i s  a s s u m e d ,  the  u su a l  a p p r o x i ­
m a t io n s  a r e  m a d e  and th e  e q u a t io n s  p r e v i o u s l y  r e f e r r e d  to  as  th e  
p o in t -m o  de l k in e t i c  e q u a t io n s  a r e  o b ta in e d .  In th e  second c a s e ,  s e p a ­
r a b i l i t y  i s  no t a s s u m e d  and  a s e t  of c o m p l ic a te d  in t e g r a l  e q u a t io n s  r e s u l t s .  
T h e  in t e g r a t i o n s  a r e  p e r f o r m e d  o v e r  a l l  s ig n i f i c a n t  v a r ia b le s  in c lu d in g  
th e  n e u t ro n  e n e r g y ,  th e  s c a t t e r i n g  a n g le  of n e u t r o n s  su f fe r in g  e l a s t i c  
s c a t t e r i n g  an d  th e  v o lu m e  of th e  s y s t e m .  S ince  th e  functions  th a t  m u s t  
be in t e g r a t e d  a r e  not u s u a l l y  a n a ly t i c  fu n c t io n s  of th e  v a r ia b le s  an 
i t e r a t i o n  p r o c e d u r e  is  p r o p o s e d  fo r  u s e  w ith  a  l a r g e  d ig i ta l  c o m p u te r  to 
o b ta in  a so lu t io n .  The t a s k  of t r e a t i n g  a  p h y s ic a l ly  r e a l i s t i c  r e a c t o r  
s y s t e m  b y  th i s  a p p ro a c h  i s  e q u iv a le n t  to  p e r f o r m i n g  the o r ig i n a l  d e s ig n  
c a l c u la t io n  m a n y  t i m e s .  H e n r y  g iv e s  no e x p e r i m e n t a l  w ork  but does  
s u g g e s t  e x p e r i m e n t s  in  w h ich  s ig n i f i c a n t  e r r o r s  m ig h t  be o b s e r v e d .
T h e s e  s u g g e s te d  e x p e r i m e n t s  in v o lv e  l a r g e  c h a n g e s  in  r e a c t i v i t y  s u c h  a s  
r e a c t o r  sh u td o w n  o r  su d d e n  c h a n g e s  in  r e f l e c t o r  th i c k n e s s .  He does  
n o t  p r e s e n t  a  m e a n s  o f  i n t e r p r e t i n g  th e  p r o p o s e d  e x p e r im e n ta l  w o rk
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but s u g g e s t s  t e s t s  th a t  m a y  be  m a d e  to  d e t e r m in e  the  a p p l ic a b i l i ty  
of th e  p o in t -m o d e l  k in e t i c  e q u a t io n s  to  the  p r o b le m .
R e la t iv e ly  s lo w  c h a n g e s  in  th e  s p a t i a l  f lux  d i s t r i b u t io n  c o n ­
s i d e r e d  by K ap lan  [7] r e q u i r e  a  s p a c e - t i m e  d e s c r i p t i o n  if  th e  s p a t i a l  
d i s t r i b u t io n  c h a n g e s  a r e  c a u s e d  by non u n i f o r m  c h a n g e s  in the  p a r a m e ­
t e r s  of th e  s y s t e m .  T he  m e th o d  p r o p o s e d  in v o lv e s  an  a p p ro x im a te  
s o lu t io n  to  th e  two g ro u p  t i m e  d e p e n d e n t  d i f fu s io n  eq u a t io n s  by m o d a l  
e x p a n s io n .  It i s  s h o w n  th a t  s t a b i l i t y  p r o b l e m s  m a y  be m o r e  c a r e f u l ly  
e x a m in e d  bu t no e x p e r i m e n t a l  w o rk  i s  g iven . T h e  e q u a t io n s  th a t  a r e  
d e v e lo p e d  in  th i s  a r t i c l e  a r e  a p p l ic a b le  to s p a t i a l  i n s t a b i l i t i e s  th a t  
r e s u l t  f r o m  xenon  p r o d u c t i o n  o r  c h a n g e s  in  fu e l  c o n c e n t r a t i o n  due to  
b u rn u p .  T he  s a m e  ty p e  p r o b l e m s  a r e  c o n s i d e r e d  by S m e ts  [8] u s in g  
the  p o in t  m o d e l  k in e t ic  e q u a t io n s .  S m e ts  o b ta in s  the  s a m e  ty p e  of 
r e s u l t s  a s  th o s e  o f  K a p la n  w h ich  w ou ld  in d ic a te  th a t  th e  e f fec t  o f  the  
s e p a r a b i l i t y  a s s u m p t i o n  i s  no t l a r g e  in  r e l a t i v e l y  s low  f lux  v a r i a t i o n s .
An e x te n s io n  o f  th e  w o r k  of K a p la n  is  r e p o r t e d  by  D o u g h e r ty  and  
Shen  [9] in  w h ich  t i m e  d e p e n d e n t  c o e f f ic ie n t s  a r e  o b ta in e d  fo r  a  m o d a l  
e x p a n s io n  o f  the  s o lu t io n  of m u l t ig ro u p  k in e t ic  e q u a t io n s .  The r e s u l t s ,  
w h ile  a p p l ic a b le  to  a w id e r  r a n g e  of p r o b l e m s  th a n  th e  r e s u l t s  of 
K ap lan ,  h a v e  the  s a m e  ty p e  of d is a d v a n ta g e  m e n t io n e d  p r e v io u s l y  fo r  
th e  w o r k  of H e n ry  [8] : th e  in d i c a te d  i n t e g r a t i o n s  a r e  p o s s ib le  on ly  by 
d ig i ta l  c o m p u te r s  s in c e  th e  fu n c t io n s  a r e  not a n a ly t i c .  The a u th o r
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S ta te s  in  h is  c o n c lu s io n s :  " T h e  p r e c e d in g  a n a ly s i s  d e m o n s t r a t e s  
a p r a c t i c a l  m e th o d  of so lv in g  th e  s p a c e - t i m e  n e u t r o n  k in e t ic  e q u a ­
t io n s  fo r  r e a c t o r  c o n f ig u ra t io n s  a s  c o m p l ic a te d  a s  the  p r e s e n t  s ta te  
of the  a r t  a l lo w s  s te a d y  s ta t e  s o lu t io n s .  " No e x p e r i m e n t a l  w o rk  i s  
r e p o r t e d  to s u p p o r t  the  r e s u l t s .
A  m o d i f ic a t io n  of th e  po in t m o d e l  k in e t ic  eq u a t io n s  to a c c o u n t  
f o r  n e u t r o n s  r e t u r n e d  to the  r e a c t o r  c o r e  f r o m  the  r e f l e c t o r  h a s  
b e e n  p r o p o s e d  by C. E. Cohn [ lO ] .  H is  m o d i f ic a t io n  c o n s i s t s  of 
ad d in g  a n  a d d i t io n a l  e q u a t io n  to  th e  u s u a l  s e t  of e q u a t io n s  to  a c c o u n t  
fo r  n e u t r o n s  w hich  a r e  r e f l e c t e d  b a c k  to  th e  c o r e  re g io n .  T h is  m o d i ­
f ic a t io n  i s  e q u iv a le n t  to t r e a t i n g  th e  r e f l e c t e d  n e u t r o n s  a s  an  a d d i t io n a l  
d e la y e d  n e u t r o n  g ro u p .  T he  r e s u l t i n g  e q u a t io n s  a f t e r  l i n e a r i z a t i o n  do 
not d i f f e r  a p p r e c i a b l y  f r o m  the  u s u a l  l i n e a r i z e d  e q u a t io n s  e x c e p t  fo r  
h igh  f r e q u e n c y  v a r i a t i o n s .  It s h o u ld  be  n o te d  th a t  th e  e q u a t io n s  d e v e lo p e d  
a r e  a p p l ic a b le  in  th e  c o r e  r e g io n  bu t  n o t  in  the  r e f l e c t o r .  E x p e r i m e n t a l  
r e s u l t s  a r e  in c lu d e d  w h ich  show  q u a l i t a t iv e ly  th a t  th e  r e f l e c t e d  n e u t ro n s  
a r e  im p o r t a n t  to  a  d e s c r ip t io n  of th e  c o r e  k in e t ic s  a t  f r e q u e n c i e s  above  
two h u n d r e d  c y c le s  p e r  s e c o n d  f o r  the s y s t e m  s tu d ie d .  The im p o r t a n c e  
of th i s  e f f e c t  w il l ,  of c o u r s e ,  d e p e n d  u p o n  the n u m b e r  of n e u t r o n s  r e ­
f l e c te d  b a c k  to the  c o r e .
A n o th e r  a p p r o a c h  to  the  p r o b l e m  of  s p a c e - t i m e  k in e t ic s  i s  p r e ­
s e n te d  b y  G a r a b e d i a n  a n d  L e f f e r t  [11] an d  e x p a n d e d  l a t e r  by F o d e r a r o
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an d  G a ra b e d ia n  [1 2 ] .  T h is  m e th o d  in v o lv e s  e x p a n s io n  of the  f lu x  in  
an  in f in i te  s e r i e s  —e a c h  t e r m  being  a p r o d u c t  of a  s p a c e  d e p en d e n t  
p a r t  a n d  a  t im e  d e p e n d e n t  p a r t .  W hile  th i s  a p p r o a c h  is  no t g r e a t ly  
d i f f e re n t  in  p r in c ip le  f r o m  th e  m o d a l  e x p a n s io n s  c i te d  p r e v io u s ly ,  
th e  r e s u l t i n g  eq u a t io n s  a r e  s o m e w h a t  e a s i e r  to  e v a lu a te .  S am p le  
c a lc u la t io n s  a r e  g iv e n  in  th e  l a t t e r  a r t i c l e  w h ich  in d ic a te  th a t  the  
n e u t ro n  s p a t i a l  d i s t r i b u t io n  d o e s  no t  r e m a i n  c o n s ta n t  d u r in g  t r a n s ­
ie n t  p e r io d s  and th a t  th e  s e p a r a b i l i t y  c o n d i t io n  i s  no t  s a t i s f i e d .  T he  
t im e  th a t  i s  p r e d i c t e d  fo r  th e  f lux  sh a p e  to  r e t u r n  to  th a t  of the  s t e a d y  
s ta te  i s  th e  o r d e r  of fo u r  n e u t r o n  l i f e t i m e s  fo llow ing  a  r a t h e r  s i z a b l e  
change  in  r e a c t iv i ty .
One o th e r  p r o b l e m  w h ich  h a s  b e e n  c o n s id e r e d  in  so m e  d e ta i l  in  th e  
c u r r e n t  l i t e r a t u r e  i s  th a t  of th e  l i n e a r i z a t i o n  a p p r o x im a t io n  m a d e  to 
o b ta in  th e  r e a c t o r  t r a n s f e r  fu n c t io n  f r o m  the  po in t m o d e l  k in e t ic  
e q u a t io n s .  The p r o b le m ,  h o w e v e r ,  i s  n o t  f e l t  to  be an  im p o r t a n t  q u e s ­
t io n  in  th e  p r e s e n t  w o rk .  T h e  l i n e a r i z a t i o n  i s  n e c e s s a r y  on ly  f o r  an  
i n t e r p r e t a t i o n  of th e  e x p e r i m e n t a l  r e s u l t s  an d  does  no t c o m p l ic a te  th e  
q u e s t i o n  of the  v a l id i t y  of s e p a r a b i l i t y  u s u a l l y  a s s u m e d .
E x p e r i m e n t a l  W o rk  
A  g r e a t  n u m b e r  of p a p e r s  h a v e  b e e n  p u b l i s h e d  d e s c r ib in g  th e  
e x p e r i m e n t a l  m e th o d s  u s e d  in  f r e q u e n c y  r e s p o n s e  m e a s u r e m e n t s  of 
n u c l e a r  r e a c t o r s .  W ith  few  e x c e p t io n s ,  t h e s e  e x p e r i m e n t s  w e r e
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p e r f o r m e d  a t  low  p o w e r  to o b ta in  th e  k in e t ic  p a r a m e t e r s  of the  c o r e .
The e x p e r i m e n t s  w hich  e m p lo y  a  s in u s o id a l  v a r i a t io n  i n  r e a c t iv i t y  
to  in v e s t ig a te  the  f re q u e n c y  r e s p o n s e  of a  n u c l e a r  r e a c t o r  a r e  r e f e r r e d  
to  a s  r e a c t o r  o s c i l l a t o r  e x p e r i m e n t s .  T h is  ty p e  of e x p e r im e n t  g e n e r ­
a l ly  u s e s  a  r o ta t in g  m e c h a n ic a l  m e m b e r  to  ch an g e  the r e a c t i v i t y  of 
the  s y s te m .  F o r  t h e r m a l  r e a c t o r s  the  m e m b e r  g e n e r a l ly  u t i l i z e s  the  
h ig h  c a p tu r e  c r o s s  s e c t io n  o f  c a d m iu m  o r  b o ro n  to  e f fec t  th e  r e a c t i v i t y  
by n e u t ro n  a b s o r p t io n .  Two b a s ic  d e s ig n s  h a v e  b e e n  u s e d  fo r  t h i s  p u r ­
p o se .  The f i r s t  u s e s  a r e l a t i v e l y  l a r g e  d i a m e t e r  ro ta t in g  m e m b e r  a t  
th e  edge of th e  r e a c t o r  c o r e  and  r e l i e s  on  th e  v a r i a t io n  of the  f lu x  o v e r  
th e  d ia m e te r  an d  th e  s p a t i a l  im p o r t a n c e  o f  th e  n e u t ro n s  a b s o r b e d  to 
ch an g e  the r e a c t i v i t y .  The s e c o n d  u s e s  a  r o ta t in g  s e g m e n t  o r  s e g m e n ts  
of a  c y l in d r i c a l  c a d m iu m  s h e e t  r o ta t in g  in s id e  f ix e d  c y l in d r i c a l  s e g ­
m e n ts  of s l ig h t ly  l a r g e r  d i a m e te r .  The s u r f a c e  a r e a  o f  c a d m iu m  
e x p o s e d  to  th e  n e u t ro n  f lux  i s  th u s  a  r e p e t i t i v e  function . S e v e r a l  such  
m e c h a n i s m s  a r e  d e s c r ib e d  in  th e  P r o c e e d i n g s  of the  C o n fe re n c e  on 
T r a n s f e r  F u n c t io n  M e a s u r e m e n t  a n d  R e a c t o r  S ta b i l i ty  A n a ly s i s  [13].
F o r  f a s t  r e a c t o r s ,  r o t a r y  r e f l e c t o r  r o d s  m a y  be e m p lo y e d .  A 
c y l in d e r  w ith  o p p o s i te  s id e s  cut b a c k  w i l l  a l lo w  g r e a t e r  n e u t ro n  le a k a g e  
w hen  f la t  s i d e s  a r e  p e r p e n d i c u l a r  to  th e  s id e  o f  th e  r e a c t o r  th a n  w hen 
the  f la t s  a r e  p a r a l l e l  to the  r e a c t o r .  T h i s  m e th o d  was u s e d  in  th e  
f r e q u e n c y  a n a l y s i s  of th e  L o s  A la m o s  M o lte n  P lu to n iu m  R e a c to r
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e x p e r i m e n t  [13] [14 ].
M ovab le  fue l m a y  be u s e d  in  bo th  t h e r m a l  an d  f a s t  r e a c t o r s  
b u t th e  s y s t e m  c o m p l ic a t io n s  a r e  i n c r e a s e d .  L i n e a r ,  r a t h e r  th a n  
r o t a r y ,  m o t io n  i s  u s u a l ly  r e q u i r e d  w h ich  g r e a t l y  i n c r e a s e s  the  p o w e r  
n e c e s s a r y  to d r iv e  the  o s c i l l a t o r  i f  h igh  f r e q u e n c y  o p e r a t io n s  is  
r e q u i r e d .
R e c e n t  d e v e lo p m e n ts  in  a u t o c o r r e l a t i o n  and  c r o s  s c o r  r e la t io n  
c o m p u t in g  e q u ip m e n t  have  m a d e  i t  p o s s i b l e  to  p e r f o r m  s t a t i s t i c a l  
e x p e r i m e n t s  and  e x t r a c t  f r e q u e n c y  r e s p o n s e  d a ta .  One of the  b e s t  
r e p o r t s  o f  e x p e r i m e n t a l  w o r k  u s in g  r a n d o m  r e a c t i v i t y  inpu t w as  by 
B a lc o m b ,  D em u th ,  an d  G yftopou los  [15 ] .  S i m i l a r  w o rk  h as  b e e n  
r e p o r t e d  by R a ja g o p a l  [16] an d  by B oyn ton  a n d  U h r ig  [1 7 ] .  The w o rk  
r e p o r t e d  by B oyn ton  an d  U h r ig  is  of p a r t i c u l a r  i n t e r e s t  h e r e  s in c e  th e  
e x p e r i m e n t  w a s  p e r f o r m e d  u s in g  a  tw o c o r e  r e a c t o r  w ith  coupling  
th r o u g h  a  g r a p h i t e  r e g io n  s e p a r a t i n g  th e  c o r e s .  T he  r e a c t iv i t y  ch an g e  
w a s  i n t r o d u c e d  in to  one c o r e  and  th e  ou tpu t  of th e  o th e r  c o re  w as  
m e a s u r e d .  T he  e x p e r i m e n t a l  r e s u l t s  in d i c a te d  th a t  a  tw o po in t one 
e n e r g y  g ro u p  f o r m u la t io n  o f  th e  k in e t ic  e q u a t io n s  w a s  an  ad eq u a te  
d e s c r i p t i o n  of the  s y s t e m  i f  a c o n s ta n t  t r a n s i t  t i m e  b e tw e e n  the  two 
c o r e s  w a s  a s s u m e d .
S ta t i s t i c a l  e x p e r i m e n t s  u s in g  r e a c t o r  n o i s e  h a v e  a l s o  b een  u s e d
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fo r  e v a lu a t io n  of r e a c t o r  p a r a m e t e r s .  L e s s  in f o r m a t io n  i s  o b ta in e d  
bu t th e  e x p e r im e n t  i s  c o n s id e r a b ly  s im p l i f ie d  s in c e  no inpu t r e a c ­
t i v i ty  i s  r e q u i r e d .  E a r l y  w o rk  to  d e v e lo p  the  m e th o d  w as r e p o r t e d  
by M o o re  [18] in  1958. T h is  d e v e lo p m e n t  of th e  t h e o r y  le d  to  m a n y  
e x p e r i m e n t a l  s tu d ie s .  One of th e  m o s t  s ig n if ic a n t  by  G r if f in  and 
R a n d a l l  [19] c o m p a r e d  th e  r e s u l t s  o b ta in e d  f r o m  n o is e  a n a ly s i s  to  
th e  r e s u l t s  of a  r e a c t o r  o s c i l l a t o r  e x p e r i m e n t .  The r e s u l t s  w e r e  
in  g e n e r a l  a g r e e m e n t  o v e r  the  f r e q u e n c y  r a n g e  in v e s t ig a t e d  a l th o u g h  
i n s t r u m e n t  n o is e  p r e s e n t e d  m o r e  o f  a  p r o b l e m  th a n  h a d  b e e n  a n t ic ip a te d .
R e la te d  T o p ic s  
N e u tro n  T h e r m a l i z a t i o n  
N e u tro n  t h e r m a l i z a t i o n  in  m o d e r a t o r  m a t e r i a l s  i s  f a i r l y  w e l l  
u n d e r s to o d  an d  s u f f ic ie n t  e x p e r i m e n t a l  w o rk  h a s  b e e n  r e p o r t e d  t h a t  the 
g ro u p  c o n s ta n t s  n e c e s s a r y  fo r  th e  a p p l ic a t io n  of th e  two g ro u p  d if fu s io n  
e q u a t io n s  to th e  d i f fu s io n  m e d iu m  m a y  be u s e d  w ith  c o n f id e n c e .  Som e 
d i s c r e p a n c i e s  s t i l l  e x i s t - - p a r t i c u l a r l y  fo r  w a t e r - - b u t  m o s t  o f  t h e s e  
h a v e  b e e n  r e s o l v e d  by r e c e n t  w o rk .  T he  d a ta  p r e s e n t e d  a t  The B r o o k -  
h a v e n  C o n fe re n c e  on  N e u tro n  T h e r m a l i z a t i o n  [20] r e p r e s e n t s  th e  b e s t  
s in g le  s o u r c e  o f  i n f o r m a t io n  in  th i s  a r e a .  In the  in t ro d u c t io n  to V o l­
u m e  III of t h e s e  p r o c e e d in g s  K. H. B e c k u r t s  [21] r e v ie w s  th e  p r e v io u s  
w o rk  an d  a t t e m p t s  to c o r r e l a t e  the  w o r k  of v a r io u s  a u th o r s  p r e s e n t i n g
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p a p e r s  a t  th e  m e e t in g .  This s u r v e y  c l e a r l y  p o in ts  ou t  the  p r o b le m s  
in v o lv e d  in  th e  t r a n s p o r t  of n e u t r o n s  in  w a t e r  i f  the  n e u t ro n s  a r e  not 
a l l  t h e r m a l .  The g ro u p  c o n s ta n ts  u s e d  l a t e r  in  th i s  r e p o r t  have  b e e n  
ta k e n  f r o m  th e  R e a c t o r  Handbook [1] o r  f r o m  M u r r a y ' s  te x t  [22] w ith  
m in o r  c o r r e c t i o n s  a s  in d ic a te d  by  m o r e  r e c e n t  w o rk .
N eu tron  W ave P r o p a g a t i o n  
The s tu d y  of th e  p ro p a g a t io n  of n e u t ro n  w a v e s  th ro u g h  m o d e ra t in g
m e d ia  h a s  b e e n  s u g g e s te d  as  a m e a n s  of d e t e r m in i n g  the  n u c l e a r  p r o ­
p e r t i e s  o f  th e  m o d e r a t o r .  P e r e z  and  U h r ig  [23] p r o p o s e  an  e x p e r i ­
m e n t  to  e v a lu a te  th e  n e u tro n  a b s o r p t io n  c r o s s  s e c t io n  and  th e  t h e r m a l  
d if fu s io n  c o e f f ic ie n t  in  a  m o d e ra t in g  m a t e r i a l  by  s tu d y in g  th e  a t t e n u a ­
t i o n  and  p h a s e  s h if t  of a  wave p r o p a g a t e d  f r o m  a s in u s o id a l ly  m o d u la te d  
s o u r c e  o f  n e u t r o n s .  T h e ir  t h e o r y  i s  b a s e d  on  a  s in g le  e n e r g y  g ro u p  
d if fu s io n  e q u a t io n  an d  i s  th e r e f o r e  r e s t r i c t e d  to  t h e r m a l  n e u t ro n s .  No 
e x p e r i m e n t a l  w o r k  i s  r e p o r te d  in  th i s  p a p e r  but in  a n  e a r l i e r  p u b l ic a t io n  
by U h r ig  [24] the  s a m e  top ic  is  b r i e f l y  c o n s id e r e d  a n d  an  in d ic a t io n  of 
th e  e x p e r i m e n t a l  w o rk  to  s u p p o r t  th e  t h e o r y  i s  show n. V e ry  p o o r  
a g r e e m e n t  b e tw e e n  th e o ry  and  e x p e r i m e n t  i s  o b s e r v e d  n e a r  th e  n e u t ro n  
s o u r c e .  S ince  th e  f lu x  was a p p a r e n t ly  low  in  th e  a s s e m b l y ,  the  m e a s u r e -  
e x te n d e d  o n ly  f i f t e e n  c e n t im e te r s  f r o m  th e  s o u r c e  a n d  o n ly  q u a l i ta t iv e  
a g r e e m e n t  w a s  o b ta in e d  at th e  l a r g e r  d i s t a n c e s .
P u l s e  t e c h n iq u e s ,  w hich a r e ,  in  a  s e n s e ,  w ave p r o p a g a t io n  s tu d ie s .
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hav e  b e e n  u s e d  to  i n v e s t ig a t e  th e  n u c l e a r  p r o p e r t i e s  of m o d e ra t in g  
m a t e r i a l s ,  A r t i c l e s  by  G a r e l i s  and  R u s s e l  [25] and  G a r e l i s  [26] 
c o n s id e r  th e  p r o b l e m  of u s in g  a  p u l s e d  s o u r c e  te c h n iq u e  to  m e a s u r e  
n e u t ro n  l i f e t im e  a n d  r e a c t i v i t y  in  a  s u b c r i t i c a l  f a c i l i ty .  The th e o r y  
is  b a s e d  on a one  g ro u p  d if fu s io n  e q u a t io n  an d  th e  l i m i t e d  am oun t o f  
e x p e r im e n ta l  d a t a  in c lu d e d  in  the  f i r s t  p a p e r  i s  in  r a t h e r  poor a g r e e ­
m en t w ith  th e  th e o r y .
R e a c to r  S ta b i l i ty  
R e a c to r  s t a b i l i t y  i s  o f ten  the  m a in  o b je c t  in  f r e q u e n c y  r e s p o n s e  
m e a s u r e m e n t s .  In  d e t e r m in in g  th e  s t a b i l i t y  of a  r e a c t o r  p o w er  
p la n t ,  th e  t i m e  d e p e n d e n t  p r o p e r t i e s  of th e  r e a c t o r  m u s t  be d e t e r ­
m in e d  a t  the  o p e r a t i n g  p o w e r  of th e  p la n t .  It i s  d i f f ic u l t  to bu ild  an d  
in s t a l l  i n s t r u m e n t a t i o n  in  the  c o re  a n d  th e  r e a c t o r  p a r a m e t e r s  a r e  
u s u a l ly  d e t e r m i n e d  b y  i n s t r u m e n ta t io n  lo c a t e d  s o m e  d is ta n c e  f r o m  
the  c o r e .  T h is  p o in t  i s  b ro u g h t  ou t  in  s e v e r a l  p a p e r s  p r e s e n te d  a t  th e  
c o n fe re n c e  on  T r a n s f e r  F u n c t io n  M e a s u r e m e n t  and  R e a c to r  S ta b i l i ty  
A n a ly s is .  [13]
C H A P T E R  III
T H E O R E T IC A L  CONSIDERATIONS AND S T A T E M E N T  
O F  TH E P R O B L E M
A  m o d e l  w h ich  i s  u s e f u l  in  the  i n t e r p r e t a t i o n  o f  e x p e r i m e n t a l  d a ta  
o b ta in e d  f r o m  f r e q u e n c y  r e s p o n s e  t e s t i n g  of a  n u c l e a r  r e a c t o r  s y s t e m  in  
w h ic h  th e  r e a c t o r  c o re  i s  r e l a t i v e ly  s m a l l  bu t m e a s u r e m e n t s  a r e  m a d e  
a t  p o s i t i o n s  o u ts id e  th e  c o r e  re g io n  m a y  be b a s e d  on th e  fo llow ing  a s s u m p ­
t io n s  :
1. The l i n e a r i z e d  p o in t  m o d e l  k in e t ic  e q u a t io n s  a r e  
a p p l ic a b le  in  th e  c o r e  r e g io n  of th e  r e a c t o r .
2. N e u t ro n  d if fu s io n  i s  a v a l id  m e c h a n i s m  to e x p la in  
n e u t ro n  t r a n s p o r t  th ro u g h  th e  r e g io n  o u ts id e  the  
c o re  w h e re  th e  m e a s u r e m e n t s  a r e  m a d e .
3. The d if fu s in g  n e u t r o n s  m a y  be t r e a t e d  a s  two e n e r g y  
g ro u p s  w ith  a v e r a g e  g ro u p  c o n s ta n t s  a p p l ic a b le  to  
e a c h  g roup .
T h e s e  a s s u m p t io n s  a r e  m u c h  l e s s  r e s t r i c t i v e  th a n  the  a s s u m p t io n s  
g e n e r a l l y  u s e d ,  and  th e  m o d e l  d e v e lo p e d  sh o u ld  be  a p p l ic a b le  to  a  l a r g e  
c l a s s  of t e s t in g ,  r e s e a r c h ,  and  p o w e r  r e a c t o r s .
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C o n s id e r  f i r s t  a m e d iu m  in  w h ic h  d i f fu s io n  i s  the  p r in c ip a l  
t r a n s p o r t  m e c h a n i s m  an d  in  w h ich  th e  d if fu s in g  n e u t ro n s  m ay  be 
t r e a t e d  a s  a  s in g le  e n e r g y  g ro u p .  If th i s  m e d iu m  is  o u ts id e  th e  c o re  
r e g io n  th e n  no s o u rc e  of n e u t r o n s  i s  p r e s e n t  and  th e  d iffus ion  eq u a t io n
is
w h e re
=  ( i ;
(j) = n e u t r o n  f lu x
D = th e  d i f fu s io n  c o e f f ic ie n t  in  the  m e d iu m
S = th e  m a c r o s c o p i c  n e u t ro n  a b s o r p t io n
c r o s s  s e c t i o n  in  the  m e d iu m  
V = th e  a v e r a g e  v e lo c i ty  of th e  n e u t ro n s
in  th e  e n e r g y  g ro u p  c o n s id e re d .
P h y s i c a l  b o u n d a ry  c o n d i t io n s  n e c e s s a r y  fo r  th e  s o lu t io n  of e q u a t io n  (1) 
a r e  th a t  the  f lu x  i s  f in i te  and  c o n t in u o u s  th ro u g h o u t  th e  m e d iu m  s ince  
no s o u r c e s  a r e  p r e s e n t  an d  th a t  th e  n e u t r o n  f lu x  i s  con tinuous  a c r o s s  
th e  CO r e - d i f f u s io n  m e d iu m  i n t e r f a c e .
A f u r t h e r  s im p l i f i c a t io n  w il l  be  m a d e  fo r  th i s  d i s c u s s io n  by  
a s s u m in g  th a t  the  m e a s u r e m e n t s  to  be m a d e  a r e  a l l  a t p o s i t io n s  on a 
m a jo r  a x i s  a n d  th a t  th e  s y s t e m  h a s  s u f f ic ie n t  s y m m e t r y  so th a t  n e u t ro n  
v a r i a t i o n  w ith  r e s p e c t  to th e  o th e r  d im e n s io n s  i s  s m a l l .  Then
= Ê_É = 09 y  9 z
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D  V  I f -
O X
If  th e  c o r e  r e g io n  i s  be ing  d r iv en  b-y a  r e a c t i v i t y  v a r i a t i o n  of the  
f o r m  c o s  co t  th e n  the  l i n e a r i z e d  point k in e t i c  e q u a t io n s  w ould  p r e d ic t  
th a t  n e u t r o n  f lu x  v a r i a t i o n  in  the  co re  w i l l  be of th e  s a m e  f o r m  but 
w ill  l a g  by an  a n g le ,  6^, w h ich  is  f r e q u e n c y  d ep e n d e n t .  The b o u n d a ry  
co n d i t io n  to  be  a p p l ie d  a t  the  in te r fa c e  b e tw e e n  th e  c o r e  and  the  
d if fu s io n  m e d iu m  fo r  e q u a t io n  (2) is  t h e r e f o r e :
(j) = + Acj)̂  cos  (wt + 0^) a t  X = Xq (3)
w h e re
Xq = th e  pos it ion  of th e  in t e r f a c e
(j)g = th e  av e ra g e  value  of the  n e u t r o n  flux
Ac}) = th e  m agnitude  of th e  f lux  v a r i a t i o n  a t  x^.
A  fu n c t io n  of x  and  t  to  d e sc r ib e  th e  n e u t ro n  f lu x  in  th e  d iffu s io n  
m e d iu m  m u s t  f i t  th e  b o u n d a ry  cond ition  (3) a n d  a l lo w  fo r  th e  f in i te  
t im e  of p r o p a g a t io n  of th e  v a r ia t io n  th ro u g h  th e  m e d iu m .  Such a  
f u n c t io n  w o u ld  be of th e  f o r m :
- b ( x - X q )
<j)(x, t) = c})(x) + Ac|)  ̂ e cos  [tot + 0^  + a ( x - X g ) ] .  (4)
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w h e re
cj)(x) = a t  X = Xq.
L e t  , . .-b ix-X p)
£(x,t) = Acj)  ̂ e cos [w t  + 8^ + a (x  - x^) ]. (5)
T h en
cj)(x, t) = <})(x) + e(x, t).
If th e  above i s  a  s o lu t io n  to e q u a t io n  (2) th e n
D ^  .  D ,  2 ^ = ( x , t )  = ^
8x 9x
but <|)(x) i s  a fu n c tio n  of x  only , and th e  p a r t i a l  d e r iv a t iv e  m a y  be 
r e p l a c e d  by  th e  to ta l  d e r iv a t iv e
D -  S  c()(x) = 0. (7)
dx
S ince  4>(x) = at x  = x^ and  th e  f lu x  is  f in i te  fo r  any  value of
X g r e a t e r  th a n  x ^ ,  th e  s o lu t io n  to e q u a t io n  (7) i s ,
<j)(x) = <|5q e . (8)
E q u a t io n  (8) i s  th e  s o lu t io n  to  th e  one g ro u p  s t e a d y  s ta t e  d iffu s ion  
eq u a t io n  and  in d i c a t e s  th a t  a  s o lu t io n  of th e  f o r m  of e q u a t io n  (4) 
r e d u c e s  to  th e  a c c e p te d  s o lu t io n  f o r  s t e a d y  s t a t e  c o n d i to n s  .
22
T h e  r e m a in in g  p o r t io n  of e q u a t io n  (6) i s ,
D 9 e(x, t) 
9x^
- 2 ^  e(x , t) 1 9 e ( x , t)V 9 1 (9)
S u b s t i tu t in g  e q u a t io n  (5) in to  eq u a t io n  (9) y ie ld s
(b^ - a^  - ) cos  [wt + 8 ^  + a (x  -  x^)]
= ( + 2 a  b) s in  [w t + 8^ + a (x  - x ^ ) ] .  (10)
E q u a t io n  (10) c a n  be t r u e  f o r  a l l  v a lu e s  of x an d  t on ly  i f  th e  
c o e f f i c i e n t s  o f  th e  s ine  and  c o s in e  t e r m s  a r e  z e r o .  T h e r e f o r e :
2
D
=  0 ( 11)
w
v D + 2 a  b = 0
( 1 2 )
2 2E q u a t io n s  (11) and  (12) m a y  be s o lv e d  f o r  b a n d  a  to  o b ta in
D







E q u a t io n s  (13) and  (14) m a y  be s im p l i f i e d  b y  r e c o g n iz in g  t h a t  fo r
23
n e u t r o n  v e l o c i t i e s  an d  o s c i l l a t o r  f r e q u e n c i e s  of  p r a c t i c a l  i n t e r e s t ,
so tha t




D 2 2  D Va
(16)
The  a p p l i c a t i o n  of  the  a p p r o x i m a t i o n  in  e q u a t io n  (16) to the  






2  D a
w h e r e  th e  s ig n s  of  b a n d  a have  b e e n  c h o s e n  to s a t i s f y  the 
b o u n d a r y  c o n d i t i o n s  p r e v i o u s l y  s p e c i f i e d .
E q u a t i o n s  (17) an d  (18) i n d i c a t e ,  a t  l e a s t  q u a l i t a t i v e l y ,  the 
d e p e n d e n c e  of  p h a s e  sh i f t  an d  a t t e n u a t io n  on the  n e u t r o n  v e lo c i ty  
i n  the  d i f fu s io n  m e d i u m .  Since  the n e u t r o n s  be ing  fed  into the 
m e d i u m  at  th e  c o r e  i n t e r f a c e  have  e n e r g i e s  r a n g in g  f r o m  a  few
(18)
24
t h o u s a n d t h s  of an  e l e c t r o n  volt  to s e v e r a l  m i l l i o n  e l e c t r o n  v o l t s ,  
t h e  one e n e r g y  g roup  f o r m u l a t i o n  p r e s e n t e d  above  canno t  be 
e x p e c t e d  to d e s c r i b e  the  s y s t e m  a c c u r a t e l y .  The  r e s u l t s  c a n  be 
u s e d ,  h o w e v e r ,  to p r e d i c t  the f o r m  of the s o lu t io n  to be e x p e c t e d  
when e n e r g y  i s  in c lu d e d  a s  a p a r a m e t e r .  It w i l l  be shown th a t  two 
e n e r g y  g r o u p s  a r e  a d e q u a te  to d e s c r i b e  a s y s t e m  in  w h ich  the  
d i f fus ion  m e d i u m  a c t s  a s  a n e u t r o n  m o d e r a t o r  i f  the  e n e r g i e s  of  the  
tw o  g r o u p s  a r e  p r o p e r l y  chosen .
T w o - g r o u p ,  o n e - d i m e n s i o n ,  t i m e - d e p e n d e n t ,  n e u t r o n  d i f fu s io n  
is  d e s c r i b e d  b y  a p a i r  of  eq u a t io n s  r a t h e r  t h a n  a  s ing le  e q u a t io n  a s  
in  (2). T h e s e  e q u a t io n s  a r e :
3^4, 3 <t>
h  - T  ■ h  +1 = V  —
9 X
9 ^ * 2  1  9  (j)
D_  r- - (j). + p 2, = —
2 ^ 2  2  T2  r  V a t  ( 2 0 )
T h e  s u b s c r i p t  1 r e f e r s  to the  h igh e n e r g y  g r o u p  and  the  s u b s c r i p t  
2 to the  low  e n e r g y  g ro u p .  T h e s e  e q u a t io n s  a r e  v a l id  fo r  the  r e g i o n  
o u t s id e  the  r e a c t o r  c o r e  w h e r e  t h e r e  i s  no s o u r c e  of  f a s t  n e u t r o n s .  
2 ^  i s  no t  an  a b s o r p t i o n  c r o s s  s e c t i o n  but  r a t h e r ,  a r e m o v a l  c r o s s  
s e c t i o n .  S ince  the r e m o v a l  of  n e u t r o n s  f r o m  the  h igh  e n e r g y  g r o u p
25
i s  p r i m a r i l y  due to n e u t r o n  m o d e r a t i o n  in to  the  low e n e r g y  g ro u p ,  
th e  va lue  to be u s e d  fo r  m a y  be  b a s e d  on the  r a t e  of  t h e r m a l i -  
za t io n  i n  the  m e d i u m  a n d  m a y  th u s  be r e l a t e d  to the  n e u t r o n  age  
an d  d i f fus ion  p r o p e r t i e s  of the  m e d i u m  b y :  [3] [4] [22]
( 2 1 )
w h e r e  T  i s  the  n e u t r o n  age  in v o lv e d  in  s low ing  down f r o m  f i s s i o n  
e n e r g i e s  to t h e r m a l  e n e r g i e s .  Any a b s o r p t i o n  tha t  o c c u r s  in  the  
t h e r m a l i z a t i o n  of  the h igh  e n e r g y  n e u t r o n s  i s  a c c o u n t e d  f o r  by  the  
r e s o n a n c e  e s c a p e  p r o b a b i l i t y ,  p , i n  th e  s o u r c e  t e r m  of e q u a t io n  
(20). The  va lue  of  p i s  u n i ty  in  a l l  c o m m o n  m o d e r a t o r  m a t e r i a l s .
If th e  low e n e r g y  g ro u p  i s  c h o s e n  a s  t h o s e  n e u t r o n s  w h ich  a r e  
in  t h e r m a l  e q u i l i b r i u m  w i th  th e  d i f fu s io n  m e d i u m ,  ( t h e r m a l  g roup) ,  
a n d  the  f a s t  n e u t r o n  g roup  as  t h o s e  w h ich  a r e  above  t h e r m a l  e n e r g i e s ,  
th e  g ro u p  c o n s t a n t s  w h ich  h a v e  b e e n  d e t e r m i n e d  fo r  r e a c t o r  d e s ig n  
p r o b l e m s  u s in g  two g roup  d i f fu s io n  t h e o r y  m a y  be u t i l i z e d .  T h e s e  
g ro u p  c o n s t a n t s ,  which a r e  in  g e n e r a l  u s e ,  h a v e  b e e n  t a b u l a t e d  fo r  
th e  m o r e  c o m m o n  m a t e r i a l s  u s e d  a s  a  d i f fu s io n  m e d i u m  s u r r o u n d ­
ing  a r e a c t o r  c o r e .  [1] [3] [22]
N e c e s s a r y  b o u n d a r y  c o n d i t io n s  f o r  e q u a t io n s  (19) and  (20) a r e  
t h a t  bo th  and  a r e  con t in u o u s  a n d  f in i te  t h r o u g h o u t  the  m e d i u m  
a n d  both  fu n c t io n s  a r e  con t in u o u s  a c r o s s  the  c o r e - d i f f u s i o n  m e d i u m
26
i n t e r f a c e .  T h e s e  b o u n d a r y  c o n d i t io n s  m a y  be u s e d  to o b ta in  s t e a d y
= 0 ins o lu t io n s  to the  two g ro u p  d i f fu s io n  e q u a t io n s  w h e r e  
both  e q u a t io n s  (19) and  (20). T h e s e  s o lu t io n s  a r e :
9 t





* 2 ( x )  = +20 -  F + F  4^0 e
i
(:( -  aco) (23)




+1 " +10 + 2  = * 2 0  a t X = X ,
It i s  a p p a r e n t  th a t  e q u a t io n  (19) i s  of  the s a m e  f o r m  a s  e q u a t io n  
(2). If a  s o lu t ion  e x i s t s  in  the  f o r m  of  e q u a t io n  (3), th e  v a l u e s  o f  the 
c o n s t a n t s  f o r  the  f a s t  g r o u p ,  and  a^, a r e  a n a l o g o u s  to b an d  a of  




^  -  2 ^ 7  V  •
The f a s t  g ro u p  a v e r a g e  v e l o c i t y ,  v^ , a p p e a r i n g  in  eq u a t io n s
(25) and (26) i s  d i f f i cu l t  to  d e t e r m i n e  s in c e  th e  v e lo c i ty  d i s t r i b u t io n
i s  a func t ion  of  both  the s lo w in g  down d i s t r i b u t i o n  in  the  di ffus ion
m e d i u m  and  of  the  e n e r g y  s p e c t r u m  of the  f a s t  g ro u p  n e u t r o n s
e n t e r i n g  the  m e d i u m  f r o m  the  r e a c t o r  c o r e .  If the  a v e r a g e  v e lo c i ty
of the  n e u t r o n s  in  the  f a s t  g ro u p  i s  a s s u m e d  to  be 1. 4 X 10  ,^ sec
w h ich  c o r r e s p o n d s  to a n e u t r o n  e n e r g y  of  o n ly  one  h u n d r e d  e l e c t r o n  
v o l t s ,  r e p r e s e n t a t i v e  v a l u e s  of  a^ an d  b^ m a y  be c a l c u l a t e d  fo r  
m a t e r i a l s  w h ich  a r e  c o m m o n l y  u s e d  as  d i f fu s io n  m e d ia .
The  r e s u l t s  fo r  s u c h  c a l c u l a t i o n s  w i th  w eq u a l  to f ive h u n d r e d  
r a d i a n s  p e r  s e c o n d  a r e  s how n  in  T a b l e  1 f o r  w a t e r ,  h e a v y  w a t e r ,  
b e r y l l i u m ,  and  c a r b o n .  F r e q u e n c i e s  o v e r  f ive  h u n d r e d  r a d i a n s  p e r  
s e c o n d  w ould  be of  l i t t l e  i n t e r e s t  e x c e p t  f o r  r e a c t o r s  with  v e r y  s h o r t  
n e u t r o n  l i f e t i m e s .
T ab le  1 a l s o  l i s t s  e a c h  of  t h e  two t e r m s  in  e q u a t io n  (25) as 
w e l l  a s  the  v a l u e s  of the  f a s t  g r o u p  c o n s t a n t s  n e c e s s a r y  fo r  th i s  
c a l c u la t io n .  It i s  a p p a r e n t  f r o m  th e  v a l u e s  in  T a b le  1 th a t  the  
s e c o n d  t e r m  in  e q u a t io n  (25) i s  n e g l ig ib l e  c o m p a r e d  to the f i r s t  and 
th a t  the va lue  of  b^ i s  t h e r e f o r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  the
T A B L E  1
HIGH E N E R G Y  G R O U P  P H A S E  S H IF T  AND A T T E N U A T IO N  C A LC U LA TIO N S » F O R  D IFFU SION  IN
COMMON M O D E R A T IN G  M A T E R IA L S
M a t e r i a l
2
T  , c m D^ , c m _ L  , c m  T-
2 .  w -Z r -1, c m
-1
a^ , c m
31. 4 1. 143 3. 1 8 X 1 0 " ^ 5. 8 5 X 1 0 “^ 0. 1785 8. 76 X I O " ^
D^O 125 1. 13 8. 0 0 X 1 0 " ^
-8
2. 3 4 X 1 0 0. 0894 1. 76 X I O " ^
Be 97. 2 0. 63 1. 0 6 X 1 0 " ^ 4. 10 XIO"® 0. 1015 2. 7 8 X 1 0 ““̂
C 364 1. 11 2. 7 5 X 1 0 “ ^ 6. 91 XIO"® 0. 0524 3. 07 XIO"'^
N
Oo
C a l c u la t io n s  a r e  f o r  a  f r e q u e n c y  of  f ive  h u n d r e d  r a d i a n s  p e r  s e c o n d  and  an a v e r a g e
n e u t r o n  v e l o c i ty  of  1 . 4  X 10 c e n t i m e t e r s  p e r  s econd .
29
s t e a d y  s t a t e  a t t e n u a t io n  exponen t  f o r  the  f a s t  g ro u p  u s e d  in  e q u a t io n  
(22). The c a l c u l a t e d  v a l u e s  f o r  a^ show t h a t  the  p h a s e  sh if t  f o r  f a s t  
n e u t r o n s  i s  neg l ig ib l e  u n l e s s  e x t r e m e l y  l a r g e  d i s t a n c e s  a r e  c o n ­
s i d e r e d .  T h i s  c a l c u l a t io n  i l l u s t r a t e s ,  the n ,  t h a t  th e  a c t u a l  v e l o c i t y  
o f  the  n e u t r o n s  in  the h ig h  e n e r g y  g ro u p  n e e d  not  be a c c u r a t e l y  known 
a s  long as  the  a v e r a g e  n e u t r o n  e n e r g y  i s  of  th e  o r d e r  of  one h u n d r e d  
e l e c t r o n  v o l t s  o r  g r e a t e r .
Diffus ion  of n e u t r o n s  in  the  t h e r m a l  e n e r g y  g r o u p ,  h o w e v e r ,  c o n ­
t r i b u t e s  a  v e r y  s ig n i f i c a n t  p h a s e  sh i f t  to the  n e u t r o n  v a r i a t i o n .  E q u a ­
t i o n s  (17) an d  (18) m a y  be u s e d  f o r  a  s a m p l e  c a l c u l a t i o n .  F o r  a  f r e ­
q u e n c y  of  f ive h u n d r e d  r a d i a n s  p e r  s e c o n d  and  w a t e r  a t  tw e n t y  f ive 
d e g r e e s  c e n t i g r a d e  a s  the  d i f fu s ion  m e d i u m ,  the  c a l c u l a t e d  v a l u e s  
w ou ld  be:
b., = [ o .  120 + 0. 0 0 0 3 2 ?  = 0 . 3 4 7  cm "^  (27)
th
■ 2
a^^ = 1. 78 X 10 r a d i a n s  p e r  c e n t i m e t e r .  (28)
T h e  t h e r m a l  g roup  c o n s t a n t s  u s e d  fo r  th i s  c a l c u l a t i o n  w e r e :
E^  = 0. 0195  c m  ^
= 0. 16 c m
T h e  a v e r a g e  v e lo c i ty  f o r  n e u t r o n s  i n  t h e r m a l  e q u i l i b r i u m  wi th  the  
m e d i u m  a t  tw e n t y  f ive d e g r e e s  c e n t i g r a d e  w a s  c a l c u l a t e d  to  be
30
5
2. 5 X 1 0 c e n t i m e t e r s  p e r  s e c o n d  fo r  a  M a x w e l l i a n  d i s t r i b u t io n .
F r o m  the  ab o v e  c a l c u l a t i o n s  i t  i s  a p p a r e n t  t h a t  a l though  the
a t t e n u a t io n  of  the  n e u t r o n  v a r i a t i o n  in  w a t e r  i s  no t  s i g n i f i c a n t l y
d i f f e r e n t  f r o m  the  a t t e n u a t i o n  o f  the  s t e a d y  s t a t e  c o m p o n e n t ,  the
p h a s e  sh if t  to be  e x p e c t e d  f r o m  a p u r e  t h e r m a l  f lux  is qu i te  l a r g e
fo r  m o d e r a t e  d i s t a n c e s  f r o m  th e  c o r e .
The m e a s u r e d  t h e r m a l  n e u t r o n  v a r i a t i o n  a t  a n y  s p a t i a l  po in t ,
Xj , i s  c o m p o s e d  of two c o m p o n e n t s .  One c o m p o n e n t  c o n s i s t s  of
n e u t r o n s  w h ich  h a v e  d i f fu s e d  t h r o u g h  th e  m e d i u m  a s  t h e r m a l  n e u t r o n s
f r o m  a p r e v i o u s  po in t ,  x  , to  th e  po in t  x. ,  while  the  o t h e r  con -
J-1 J
s i s t s  of  n e u t r o n s  w h ich  h a v e  d i f fu s e d  t h r o u g h  the m e d i u m  a s  f a s t
n e u t r o n s  but  h a v e  b e e n  r e d u c e d  to  t h e r m a l  e n e r g i e s  at x^. The  p h a s e
sh i f t  and  a m p l i t u d e  of  the  m e a s u r e d  v a r i a t i o n  a r e  d e t e r m i n e d  by the
p h a s e s  and  a m p l i t u d e s  of  t h e s e  two c o m p o n e n t s .  The  s y s t e m  output
is  th e  m e a s u r e d  n e u t r o n  v a r i a t i o n  d iv id e d  by the s t e a d y  s t a t e  n e u t r o n
l e v e l  a t  x. .
J
L e t  A. c o s  { w t  + e + f(x)} r e p r e s e n t  th e  c o m p o n e n t  of 
J c
the  n e u t r o n  v a r i a t i o n  a r r i v i n g  a t  the  p o in t  x  ̂ by t h e r m a l  d i f fus ion
a n d  B. cos  {cot + 0 } r e p r e s e n t  the  c o m p o n e n t  a r r i v i n g  b y  f a s t  
J
d i f fu s ion  and  s low ing  down. The  m e a s u r e d  v a r i a t i o n  w i l l  be  p r o ­
p o r t i o n a l  to  the  s u m  of t h e s e  two c o m p o n e n t s .
31
A. co s  {co t + 0 + f(x) } + B. cos  (cot + 0 }
J  c J  c
w h e re
= C. c o s  {cot + 0 + a.} (29)
J ^ J
A. s in  £(x)
t a n  a.  = -----    (30)
 ̂ B. + A. co s  f(x)
Cj = /L  c o s  + Bj cos  {f(x) - Oj} (31)
If A. ^  B. a n d  f(x) i s  l e s s  t h a n  t e n  o r  f i f t e e n  d e g r e e s ,  t h e n  
e x c e l l e n t  a p p r o x i m a t i o n s  a r e  tha t :
A.
a .  = --------- -̂---  f(x) (32)
B. + A.
J J
C. = A. + B. . (33)
J J J
T he  fu n c t io n  f(x) i s  t h e  v a lu e  of  th e  p h a s e  sh if t  p e r  c e n t i m e t e r  
fo r  t h e r m a l  n e u t r o n s ,  a^^,  c a l c u l a t e d  f r o m  e q u a t io n  (18), t i m e s  the  
d i s t a n c e  the  t h e r m a l  n e u t r o n s  h av e  d i f fu s ed  to r e a c h  the  po in t  Xy 
In o r d e r  to  a c c o u n t  fo r  t h e  v a r i o u s  d i s t a n c e s  t r a v e l e d ,  th e  fo l l o w ­
ing  e x p r e s s i o n  i s  p r o p o s e d :
32
■  [ # ,
' ‘j = ] — ------------------ P r i i   %h ' " m  - ==m-l>- (34)
m  m
m=l
In t h i s  m a n n e r ,  the  t h e r m a l  n e u t r o n s  f r o m  th e  po in t s  m o r e
d i s t a n t  f r o m  x. t h a n  x.  a r e  g iven  a  w e igh t ing  a c c o r d i n g  to the 
J J - i
p r o b a b i l i t y  th a t  t h e y  w i l l  a r r i v e  at  Xy The w e igh t ing  f a c t o r  is
a p p l i e d  to the t h e r m a l  d i f fu s io n  t e r m s  only.  It i s  a p p a r e n t  t h a t  th i s
e x p r e s s i o n  r e d u c e s  to  the  one  g ro u p  m o d e l  p r o p o s e d  e a r l i e r  f o r  th e
c a s e  w h e r e  B = 0 .
m
j
“j "  I  " th  ' " m  - *m-l> '  " th  <"j - " 0 >- ' 3 5 '
m=l
T h i s  e x p r e s s i o n  fo r  t h e r m a l  n e u t r o n  d i f fu s io n  only  i s  to be e x p e c te d  
s in c e  a l l  n e u t r o n s  a r r i v i n g  a t  x.  h a v e  d i f fu sed  a s  t h e r m a l  n e u t r o n s  
f r o m  Xq.
A p p r o p r i a t e  v a l u e s  fo r  t h e  c o n s t a n t s  and  m a y  b e  i n f e r r e d
f r o m  an  e x a m i n a t i o n  of  the  t h e r m a l  g ro u p  d i f fus ion  e qua t ion ,  e q u a t i o n  
(20). A i s  p r o p o r t i o n a l  to  the  p r o d u c t  of the  t h e r m a l  d i f fus ion  
c o e f f i c i e n t  and  the  a m p l i t u d e  of the  s e c o n d  d e r i v a t i v e  of  th e  t h e r m a l
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f lux  v a r i a t i o n  e v a l u a t e d  a t  x  . B i s  p r o p o r t i o n a l  to the  p r o -m  m
duct  of  the f a s t  d if fus ion  c o e f f i c i e n t  and  the  a m p l i t u d e  of the  f a s t  f lu x
v a r i a t i o n  e v a l u a t e d  at  x d iv id e d  by the age ,  X  .
m





Acj)c l  e ■ W
x=x m
(37)
F o r  the p a r t i c u l a r  c a s e  w h e r e  the  d i f fus ion  m e d i u m  i s  w a t e r ,  




s in ce  the l a s t  t e r m  i s  n e g l ig ib l e  a s  s e e n  i n  e q u a t io n  (27). 
F r o m  eq u a t io n  (8)
Adth 8 <(=1̂  (X)








w h e r e  <f>(x ) i n d i c a t e s  t h a t  the  func t ion  i s  to be e v a l u a t e d  a t  x .m  m




bu t  s i n c e  i t  w as  a s s u m e d  t h a t  the po in t  m o d e l  k ine t ic  e q u a t io n s  w e r e  
v a l i d  in the c o r e ,  th e  r a t i o  of  the  f a s t  to t h e r m a l  f lux  in  the  c o r e  m u s t  















E q u a t io n  (42) w i l l  p r o b a b l y  be  a good  a p p r o x i m a t i o n  f o r  m a t e r i a l s  
o t h e r  th a n  w a t e r  but  e x p e r i m e n t a l  v e r i f i c a t i o n  s h o u ld  be m a d e .  It w as  
n o t  p o s s i b l e  to  e v a l u a t e  m a t e r i a l s  o t h e r  t h a n  w a t e r  in  th e  e x p e r i m e n t a l  
w o r k  d e s c r i b e d  in t h i s  p a p e r .
The  va lu e  of C. m a y  be c a l c u l a t e d  f r o m  e q u a t io n  (31) o r ,  i f  a. 
i s  s m a l l ,  f r o m  eq u a t io n  (33). The va lue  of i s  a r e l a t i v e  va lue  and 
m a y  be u s e d  to c a l c u l a t e  the  c hange  in the a m p l i t u d e  of  th e  v a r i a t i o n  
a s  a func t ion  of p o s i t i o n .  The  r a t i o  of the a m p l i t u d e  of  the  v a r i a t i o n  to 
t h e  s t e a d y  s t a t e  n e u t r o n  c o n c e n t r a t i o n  at x  ̂ m a y  be o b t a i n e d  by n o r m a l ­
i z in g  Cj to t h e  va lu e  of  t h i s  r a t i o  a t  x = x^.
th (43)
w h e r e
2 ^1 
^ 0  " ^ 0  " ° t h  \ h  ' ^ ‘̂ c th  ^ ^  ^ ‘̂ c 1. (44)
The r e s p o n s e  m e a s u r e d  a t  s o m e  d e t e c t o r  l o c a t i o n  x. a s  a 
func t ion  o f  f r e q u e n c y  m a y  th e n  be r e l a t e d  to th e  r e a c t o r  r e s p o n s e  
b y
0 = 0. - a.  (45)
r J J
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w h e r e
6^ = th e  p h a s e  of  the  r e a c t o r  r e s p o n s e  r e l a t i v e
to t h e  r e a c t i v i t y  inpu t  
= the  p h a s e  m e a s u r e d  at x.  r e l a t i v e  to the
r e a c t i v i t y  inpu t
= the  r e l a t i v e  a m p l i t u d e  of  the r e a c t o r  r e s p o n s e
= th e  r e l a t i v e  a m p l i t u d e  m e a s u r e d  a t  x. .
E x p e r i m e n t a l  V e r i f i c a t io n
The  m o d e l  d e v e lo p e d  in th e  p r e c e d in g  s e c t i o n  c a n  be t e s t e d  by 
e x p e r i m e n t a l  m e a s u r e m e n t s .  Of p a r t i c u l a r  i n t e r e s t  i s  th e  e x p r e s s i o n  
f o r  th e  p h a s e  sh i f t  a s  a  fu n c t io n  of p o s i t i o n  in  the  d i f fu s io n  m e d i u m ,  
e q u a t io n  (42). A c c u r a t e  d e t e r m i n a t i o n  of  the p h a s e  and  a m p l i t u d e  of
th e  n e u t r o n  v a r i a t i o n  i n  th e  m e d i u m  w hen  the r e a c t o r  c o r e  i s  f o r c e d  in  a 
s i n u s o i d a l  m a n n e r  i s  r e q u i r e d  a t  s e v e r a l  points .  R e l a t i v e  v a l u e s  of  the 
s p a t i a l  d i s t r i b u t i o n  of bo th  the  h igh  e n e r g y  an d  the  lo w  e n e r g y  n e u t r o n  
f lu x  a r e  a l s o  r e q u i r e d  to  e v a l u a t e  the  t e r m s  t h a t  a p p e a r  in  e q u a t io n  (42).
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If an d  <f)̂  a r e  a c c u r a t e l y  d e t e r m i n e d  th e n  the  c a l c u l a t e d  v a lu e  of  a
a.  f r o m  e q u a t io n  (42) m a y  be  c o m p a r e d  with  the  e x p e r i m e n t a l  m e a s u r e ­
m e n t s .
It i s  to be e x p e c t e d  t h a t  the  s t e a d y  s t a t e  s p a t i a l  f lux  d i s t r i b u t i o n s  
a r e  not  a c c u r a t e l y  d e s c r i b e d  by th e  e q u a t io n s  (22) an d  (23) s i n c e  th e  
g e o m e t r y  of  the r e a c t o r ,  e m p l o y e d  fo r  the  e x p e r i m e n t a l  w o r k ,  i s  no t  a s  
s im p le  a s  th a t  i m p l i e d  b y  th e  a p p r o x i m a t i o n  u s e d  t o  o b ta in  t h e s e  e q u a ­
t i o n s .  The  s e c o n d  d e r i v a t i v e  r e q u i r e d  in  e qua t ion  (42) c a n  be o b t a in e d  
e x p e r i m e n t a l l y  f r o m  the m e a s u r e d  s p a t i a l  d i s t r i b u t i o n  of the  t h e r m a l  




5+ 1  '  ' ‘j
x=x -  <5+1 ■ 5 - i ’
(47)
C H A P T E R  IV
E X P E R I M E N T A L  E Q U I P M E N T  
T he  N u c l e a r  R e a c t o r
The e x p e r i m e n t a l  w o r k  done to s u p p o r t  the  t h e o r e t i c a l  c o n s i d e r ­
a t i o n s  w a s  p e r f o r m e d  on the  U n i v e r s i t y  of O k la h o m a  AGN-211 n u c l e a r  
r e a c t o r .  A p h o t o g r a p h  of  the  to p  of the  r e a c t o r  c o r e  a n d  s u r r o u n d i n g  
r e g i o n  i s  shown in  F i g u r e  1.
The  r e a c t o r  i s  a  c o m p a c t ,  h y d r o g e n - m o d e r a t e d  s y s t e m  u t i l i z in g
235e n r i c h e d  u r a n i u m  fue l .  The u r a n i u m ,  e n r i c h e d  to 20 p e r  cen t  U , 
i s  in  the  f o r m  of a  f ine p o w d e r  of UO^ d i s p e r s e d  in p o ly e th y le n e  fue l  
e l e m e n t s .  T w e lve  u r a n i u m  b e a r i n g  p l a s t i c  b lo c k s  a p p r o x i m a t e l y  t h r e e  
i n c h e s  s q u a r e  a n d  t e n  i n c h e s  h igh  c o m p r i s e  the  c e n t r a l  c o r e  r e g i o n  of 
the  r e a c t o r .  S ince  on ly  a o n e - e i g h t h  in c h ,  w a t e r - f i l l e d  gap e x i s t s  
b e t w e e n  th e  fuel  e l e m e n t s ,  the  s y s t e m  i s  v e r y  w e l l  a p p r o x i m a t e d  by  
a s s u m i n g  a h o m o g e n e o u s  c o r e  r e g io n .
A g r a p h i t e  r e f l e c t o r  c o m p l e t e l y  s u r r o u n d s  the  c o r e  but i s  no t  
of  u n i f o r m  t h i c k n e s s .  The  g r a p h i t e  i s  f ive  i n c h e s  t h i c k  on the  top  and  
b o t t o m ,  s i x  i n c h e s  t h i c k  on e a c h  s id e  a n d  t h r e e  i n c h e s  th i c k  on the  
f r o n t  and  r e a r  f a c e s .  S ince  th e  e n t i r e  r e a c t o r  a s s e m b l y  i s  s u s p e n d e d  
n e a r  the  b o t t o m  of a  w a t e r  f i l l e d  t a n k  t h i r t y - n i n e  i n c h e s  w ide  by
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TOP VIEW OF AGN-211 REACTOR
FIGURE 1
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f i f t y -n in e  i n c h e s  long  by n i n e t y - s i x  i n c h e s  deep,  a  s e c o n d  r e f l e c t o r  
of  w a t e r  s u r r o u n d s  th e  g r a p h i t e  r e f l e c t o r .  The w a t e r  s e r v e s  a s  a  
r a d i a t i o n  s h i e l d  a s  w e l l  a s  a  r e f l e c t o r .
E x p e r i m e n t a l  f a c i l i t i e s  a r e  p r o v i d e d  in the f o r m  of a  c e n t r a l  
a c c e s s  tube  s e v e n - e i g h t s  of  an  in c h  in s i d e  d i a m e t e r  ex tend ing  
h o r i z o n t a l l y  t h r o u g h  th e  c e n t e r  of  the  c o r e ,  a  r e f l e c t o r  p o r t  of  f o u r  
i n c h e s  in s id e  d i a m e t e r  e x t e n d in g  t h r o u g h  the  six inch  s i d e  r e f l e c t o r  
a t  th e  r e a c t o r  c e n t e r  p la n e  and  a  f o u r  inc h  beam  p o r t  a b u t t in g  the  
r e f l e c t o r  on  the  s id e  o p p o s i t e  th e  r e f l e c t o r  port.  A lso ,  th e  r e a c t o r  
i s  l o c a t e d  n e a r  one  e n d  of  th e  t a n k  so t h a t  a  w a t e r  r e g i o n  of t w e n t y - n i n e  
i n c h e s  i s  a v a i l a b l e  a d j a c e n t  to t h e  f r o n t  f a c e  of t h e  r e a c t o r  fo r  e x p e r i ­
m e n t a l  p u r p o s e s .  T h e  e x p e r i m e n t a l  p o r t s  ex tend  t h r o u g h  th i s  w a t e r  
r e g io n ,  on t h r o u g h  th e  c o n c r e t e  s h i e l d  s u r r o u n d in g  the t a n k ,  an d  open  
in to  the  e x p e r i m e n t a l  a r e a  a t  the  w e s t  r e a c t o r  s h i e l d  f a c e .  A p l a n  v iew  
show ing  the  r e l a t i v e  l o c a t i o n  of the  r e a c t o r  and f a c i l i t i e s  i s  sh o w n  in 
F i g u r e  2.
F o u r  c o n t r o l  r o d s  a r e  p r o v i d e d  f o r  safety  a n d  c o n t ro l  of th e  
r e a c t o r .  T h e s e  a r e  th e  f l a t  b l a d e s  s e e n  above  t h e  c o r e  i n  F i g u r e  1.
Two of t h e s e  r o d s  m u s t  be w i t h d r a w n  c o m p l e t e l y  f r o m  th e  c o r e  an d  
a r e  fo r  s a f e ty  p u r p o s e s  only.  One o t h e r ,  t h e  c o a r s e  c o n t r o l  r o d ,  w as  












P L A N  V I E W  O F  R E A C T O R  A R E A
KEY TO PLAN VIEW OF REACTOR AREA
a. R e a c to r  co re  f. Water  r ef l ec to r  ond stiieid
b. Graphi te  reflector g. Tank wall
c.  Re f l ec to r  po r t  h. Concre te  shield
d. Cent ral  a c c e s s  t u b e  i. E xp er i me n ta l  a r e a
e. Be am po r t
FIGURE 2
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T he  f o u r t h  i s  the  f ine  c o n t r o l  r o d  and  is u s e d  to c o m p e n s a t e  fo r  s m a l l  
r e a c t i v i t y  c h a n g e s  d u r i n g  o p e r a t i o n  to i n s u r e  s t a b l e  o p e r a t i n g  c o n ­
d i t io n s .  A l l  r o d s  a r e  l o c a t e d  s e v e r a l  n e u t r o n  m e a n  f r e e  p a t h s  f r o m  
an y  of the  e x p e r i m e n t a l  e q u i p m e n t  i n s t a l l e d  in  the  r e a c t o r  d u r in g  
o p e r a t i o n  so t h a t  i n t e r a c t i o n  of the  c o n t ro l  r o d s  w i th  the  e x p e r i m e n t  
w a s  n eg l ig ib l e .
T h r e e  n e u t r o n  m o n i t o r s  a r e  p e r m a n e n t l y  i n s t a l l e d  a d j a c e n t  to the 
c o r e  and  a r e  u s e d  to  m o n i t o r  a v e r a g e  o p e r a t i n g  level ' .  The  t i m e  c o n ­
s t a n t s  a s s o c i a t e d  w i th  th i s  i n s t r u m e n t a t i o n  a r e  s u c h  th a t  good a v e r a g e  
r e a d i n g s  m a y  be  o b t a i n e d  f o r  the  f r e q u e n c i e s  u s e d  in the  e x p e r i m e n t a l  
w o rk .
Input  Signa l  G e n e r a t o r
The  g e n e r a t o r  f o r  the  in p u t  s ig n a l  to the  r e a c t o r  c o n s i s t e d  of  an
o s c i l l a t o r  r o d  c a p a b l e  of  chang ing  the  r e a c t i v i t y  of  the  r e a c t o r  in  a 
s i n u s o i d a l  m a n n e r  w h e n  r o t a t e d  with u n i f o r m  a n g u l a r  v e lo c i ty .  T h i s  
o s c i l l a t o r  r o d  w a s  c o n s t r u c t e d  of p o ly e th y le n e  wi th  a p a r t i a l  c o v e r i n g  
of  c a d m i u m  and  w a s  i n s e r t e d  into the r e f l e c t o r  p o r t  a d j a c e n t  to the  
r e a c t o r  c o r e .  A p h o t o g r a p h  of  the  o s c i l l a t o r  r o d  i s  show n in  F i g u r e  3.
The  r o t o r  p o r t i o n  of  the o s c i l l a t o r  r o d  w a s  a  t h r e e  a n d  o n e - h a l f  
i n c h  d i a m e t e r  p o ly e th y le n e  c y l i n d e r  s ix  i n c h e s  long .  It w a s  m o u n t e d  
on  a  s t e e l  s h a f t  w h ic h  w as  s u p p o r t e d  in b a l l  b e a r i n g s  m o u n t e d  in  





s u c h  a d i a m e t e r  a s  to p r o v i d e  a snug f i t  in the  r e f l e c t o r  p o r t .  A 
c l a m p  which  cou ld  be t i g h t e n e d  a f t e r  the  o s c i l l a t o r  r o d  w a s  i n s e r t e d  
p r e v e n t e d  the  o u t e r  b e a r i n g  s u p p o r t  p l a t e  f r o m  m oving  and  i n s u r e d  
t h a t  the  e f fec t  of the  o s c i l l a t o r  r o d  did not  change due  to  a change  
i n  p o s i t i o n .
A c a d m i u m  s t r i p  w a s  p l a c e d  p a r t i a l l y  a round  th e  c y l i n d e r  at 
t h e  en d  n e a r e s t  the  r e a c t o r  c e n t e r .  T h i s  s t r i p  was one and  o n e - h a l f  
i n c h e s  wide an d  long  enough  to c o v e r  a p p r o x i m a t e l y  one  h a l f  of  the 
c i r c u m f e r e n c e  of  the  c y l i n d e r .  The le n g th  of  the s t r i p  an d  the  shape  
o f  t h e  e n d s  w e r e  a d j u s t e d  to give a good s inuso ida l  inpu t  when  the 
c y l i n d e r  w as  r o t a t e d .  F o u r  d i f f e r e n t  m o d i f i c a t io n s  in s t r i p  s hape  w e r e  
e v a l u a t e d  to a r r i v e  a t  th e  f in a l  shape .  Subsequen t  a n a l y s i s  of the 
o s c i l l a t o r  c a l i b r a t i o n  sh o w e d  th a t  the f ina l  c u r v e  c o u l d  be  d e s c r i b e d  
b y  a  fu n d a m e n ta l  p lu s  a two p e r  cent  s e c o n d  h a r m o n i c .  Since  al l  d a t a  
w e r e  to be o b ta in e d  w i th  th e  s a m e  inpu t ,  t h i s  am oun t  o f  h a r m o n i c  c o n ­
t e n t  w a s  c o n s i d e r e d  a c c e p t a b l e .
A t t a c h e d  to the o u t e r  en d  of  the c y l i n d e r  was  a s m a l l  p e r m a n e n t  
m a g n e t  which  w as  u s e d  to  in d u c e  an  e l e c t r i c a l  p u l s e  i n  a  p ickup  co i l  
m o u n t e d  on  the  o u t e r  b e a r i n g  s u p p o r t .  T h i s  pulse w a s  u s e d  in  c o n ­
n e c t i o n  with  th e  da ta  a c c u m u l a t i o n  e q u i p m e n t  to e s t a b l i s h  a p h a s e  
r e f e r e n c e  poin t .  L e a d  foi l  w a s  u s e d  a s  c o u n t e r b a l a n c e s  fo r  both  the
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c a d m i u m  s t r i p  an d  the m a g n e t .
A  s e v e n  foot  shaf t  c o n n e c te d  the o s c i l l a t o r  r o d  to the  e x t e r n a l  
d r iv e  m o t o r  o u t s i d e  the  r e a c t o r  sh ie ld .  B e a r i n g  s u p p o r t s  w e r e  p r o ­
v ided  at one  foot  i n t e r v a l s  so t h a t  the o s c i l l a t o r  cou ld  be d r i v e n  a t  
h igh  f r e q u e n c i e s .
The o s c i l l a t o r  r o d  w as  i n s e r t e d  into  the  r e f l e c t o r  p o r t  a s  n e a r  
the  r e a c t o r  c e n t e r  as  p r a c t i c a l .  It w as  no t  p o s s i b l e  to c e n t e r  the  
c a d m i u m  s t r i p  s i n c e  the  e x c e s s  r e a c t i v i t y  of  the r e a c t o r  w a s  too 
low  fo r  o p e r a t i o n  u n l e s s  a p o r t i o n  of the  r e f l e c t o r  p o r t  i n s id e  the  
r e f l e c t o r  w as  f i l l e d  with  a g r a p h i t e  p lug.  The e x c e s s  l e n g th  of  p o l y ­
e thy lene  s e r v e d  a s  an a d d i t i o n a l  r e f l e c t o r  o u t s id e  the  c a d m i u m .  Any 
c l o s e r  p o s i t i o n in g  of  the  c a d m i u m  t o w a r d  the c e n t e r  would h a v e  p r e ­
v e n te d  c a l i b r a t i o n  of  the  o s c i l l a t o r  r o d  o v e r  a ful l  r e v o lu t io n .  The 
r e a c t i v i t y  w ould  h a v e  b e e n  n e g a t iv e ,  e v e n  with  a l l  of  th e  c o n t r o l  r o d s  
w i th d ra w n ,  w hen  th e  c a d m i u m  w a s  a d j a c e n t  to the  c o r e .  A  s e c t i o n  
d r a w in g  of  the  f a c i l i t y  showing  th e  l o c a t i o n  of the o s c i l l a t o r  r o d  
r e l a t i v e  to  th e  c o r e  i s  show n i n  F i g u r e  4.
The o s c i l l a t o r  r o d  d r i v e  c o n s i s t e d  o f  an  1800 R P M  s y n c h r o n o u s  
m o t o r  and f ixed  g e a r  r a t i o  s p e e d  c h a n g e r s .  A v a r i a b l e  s p e e d  r e ­
duc t ion  d r i v e  w a s  a v a i l a b l e  bu t  w a s  not  u s e d  e x t e n s i v e l y  s in c e  the 
c o n s t a n t  f r e q u e n c y  r e q u i r e d  co u ld  not  be a c h i e v e d  o v e r  the  le n g th  of
46
0 5 10 15 20  25  30  35 4 0  45
S E C T I O N  V I E W  O F  R E A C T O R  C O R E  R E G I O N
P o s i t i o n  s c a l e  
( c e n t i m e t e r s )
K E Y  TO S E C T I O N  V I E W  O F  R E A C T O R  C O R E  R E G I O N
0 C e n t r a l  a c c e s s  t u b e
b. F i s s i o n  c o u n t e r  o u t p u t
d e t e c t o r
c.  P o l y e t h y l e n e  o s c i l l a t o r  r od
d.  C a d m i u m  s t r i p  i n p u t
g e n e r a t o r
e .  R e a r  b e a r i n g  s u p p o r t  p l o t e
f. F r o n t  b e a r i n g  s u p p o r t  p l a t e
g. G r o p h d e  p l u g
h.  R e f l e c t o r  p o r t
I . O s c i l l a t o r  r o d  d r i v e  s h a f t  
j . F i s s i o n  c o u n t e r  s i g n a l  l e a d
k . B e o m  p o r t
m.  F i n e  c o n t r o l  r o d  g u i d e
n . S a f e t y  r o d  g u i d e s  
p. C o u r s e  c o n t r o l  r o d  g u i d e  
r. W a t e r  e x p e r i m e n t a l  r e g i o n
FIGURE 4
47
t i m e  n e c e s s a r y  f o r  d a t a  a c c u m u la t io n .  The  f ix e d  g e a r  r a t i o s  u s e d  
w e r e  f a c t o r s  of two an d  ten.  The b a s i c  m o t o r  f r e q u e n c y  of  30 c y c l e s  
p e r  s e c o n d  could th us  be  c h a n g e d  to 1. 5, 3, 6, 15 an d  60 c y c l e s  p e r  
s e c o n d  w i th  p r o p e r  a r r a n g e m e n t  of  th e  g e a r s ,  w h ich  p r o v e d  to be an  
a d e q u a te  n u m b e r  of f r e q u e n c i e s  fo r  e x p e r i m e n t a l  p u r p o s e s .  The  
lo c a t i o n  of  th e  d r ive  m o t o r  i s  shown in  F i g u r e  5. T h i s  p h o to g r a p h  
a l s o  show s  the  r e l a t i v e  lo c a t io n  of th e  e x p e r i m e n t a l  f a c i l i t i e s  in  the 
t e s t  a r e a  ou ts ide  the c o n c r e t e  sh ie ld .  The  l o c a t i o n s  o f  the  t e s t  a r e a  
an d  e x p e r i m e n t a l  f a c i l i t i e s  r e l a t i v e  to th e  c o r e  a r e  i n d i c a t e d  on the 
a r e a  p la n  v iew  in F i g u r e  2.
Output  D e t e c t o r
The  ou tpu t  s i g n a l  r e q u i r e d  fo r  the  e x p e r i m e n t a l  p r o g r a m  is  the 
t i m e  d e p e n d e n t  v a r i a t i o n  of  th e  n u m b e r  of  n e u t r o n s  p e r  cub ic  c e n t i ­
m e t e r  a t  s e v e r a l  s p a t i a l  p o in t s .  The  n e u t r o n  d e t e c t o r  u s e d  w a s  a s m a l l  
f lu x  m a p p i n g  f i s s io n  c o u n t e r ,  W e s t i n g h o u s e . ty p e  7186.  T h i s  c o u n t e r  i s  
b u i l t  in to  th e  end of a  long  tube  w h ich  s e r v e s  a s  the  o u t e r  j a c k e t  of the 
c o u n t e r  a n d  a s  th e  o u t e r  s h i e l d  fo r  th e  s ig n a l  l e a d  u s e d  to t r a n s m i t  the 
d e t e c t o r  s ig n a l  t o  the  t e s t  a r e a .  The  s t a i n l e s s  s t e e l  tu b e  h a s  an  o u t ­
s id e  d i a m e t e r  of o n e - f o u r t h  i n c h  and  a w a l l  t h i c k n e s s  of  a p p r o x i m a t e l y
0. 012 i n c h e s .  In the  s e n s i t i v e  d e t e c t o r  r e g i o n  the  i n s i d e  s u r f a c e  of  the 
t u b in g  i s  coa ted  w i th  h igh ly  e n r i c h e d  u r a n i u m .  T h i s  c o a t in g ,  w h ich
48
EXPERIMENTAL AREA AND SHIELD FACE
FIGURE 5
49
e x te n d s  o v e r  a l e n g th  of t h r e e - e i g h t h s  of  a n  in c h ,  con ta in s  0. 0017 
235
g r a m s  of U . T h e  e n t i r e  tu b e  i s  f i l l e d  w i th  an  a r g o n - n i t r o g e n
gas  m i x t u r e .  E n e r g e t i c  f i s s i o n  f r a g m e n t s ,  p r o d u c e d  by  n e u t r o n
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in d u c e d  f i s s i o n  of th e  U i n  t h e  c o a t in g ,  io n i z e  the  gas  to p r o d u c e  
a  c u r r e n t  p u l s e  if a  v o l t age  i s  a p p l i e d  to the  c e n t r a l  e l e c t r o d e .
Since th e  f i s s i o n  c r o s s  s e c t i o n  i s  o v e r  500 b a r n s  at  t h e r m a l  
n e u t r o n  e n e r g i e s  a n d  d r o p s  to a few b a r n s  at  e n e r g i e s  above  t h e r m a l ,  
[28] n e a r l y  a l l  of  th e  f i s s i o n  in d u c e d  p u l s e s  a r e  c a u s e d  by  t h e r m a l  
n e u t r o n s .  To  a v e r y  good a p p r o x i m a t i o n ,  th e n ,  the d e t e c t o r  ou tpu t  
in the  f o r m  o f  n u m b e r  of  p u l s e s  p e r  u n i t  t i m e  i s  p r o p o r t i o n a l  to the  
t h e r m a l  n e u t r o n  c o n c e n t r a t i o n  a t  the  p o s i t i o n  of  the s e n s i t i v e  p a r t  
of the  d e t e c t o r .  S ince  a l l  r e l a t i o n s  in v o lv in g  n e u t r o n  c o n c e n t r a t i o n s  
in the  k in e t i c  s tudy  invo lve  r a t i o s  of t h e  v a r i a t i o n  of the n e u t r o n  
c o n c e n t r a t i o n  to the  a v e r a g e  v a lu e ,  it i s  no t  n e c e s s a r y  to know the 
a b s o lu t e  s e n s i t i v i t y  of  the  d e t e c t o r .
The s t a i n l e s s  s t e e l  tu b e  is  o f  s u f f i c i e n t  l e n g th  th a t  the  s e n s i t i v e  
p o r t i o n  of the  d e t e c t o r  m a y  be  l o c a t e d  in  a n y  p o r t i o n  of the  r e a c t o r  
c o r e  o r  s u r r o u n d i n g  r e f l e c t o r .  F o r  t h i s  e x p e r i m e n t a l  w o r k  th e  
d e t e c t o r  w a s  in  the  c e n t r a l  a c c e s s  tu b e  p a s s i n g  th r o u g h  the  r e a c t o r  
c e n t e r .  A c o a x i a l  c a b le  c o n n e c t o r  m o u n t e d  on  the  end  of the  tu b e  
a l lo w e d  the  p u l s e  to be  t r a n s m i t t e d  to a  p u l s e  a m p l i f i e r .  The  end  of
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th e  d e t e c t o r  tube ,  th e  c o a x  c ab l e  an d  the p u l s e  p r e a m p l i f i e r  a p p e a r  
in  F i g u r e  5.
D ur ing  o p e r a t i o n  the  d e t e c t o r  w as  e n c a s e d  in a t h i c k  p o l y ­
e t h y le n e  s l e e v e .  A p o ly e th y le n e  r o d  t h r e e - f o u r t h s  of a n  i n c h  in  
d i a m e t e r  and  t h r e e  f e e t  long  w a s  d r i l l e d  a x i a l l y  to a c c e p t  th e  d e t e c t o r  
with  the  s e n s i t i v e  p o r t i o n  a t  th e  c e n t e r  of the  ro d .  T h is  p o ly e th y le n e  
i n s u r e d  t h a t  n e u t r o n s  did  not  t r a v e l  d i r e c t l y  down the  a c c e s s  tube to the  
d e t e c t o r .  A l s o ,  s i n c e  p o ly e th y le n e  h a s  n e a r l y  the  s a m e  h y d r o g e n  a t o m  
d e n s i t y  a s  w a t e r ,  the  p o l y e t h y l e n e  f i l l in g  of  th e  a c c e s s  tube  r e d u c e d  
th e  d i s c o n t in u i t y  in  th e  w a t e r  o t h e r w i s e  p r e s e n t .
D a ta  A c c u m u l a t i o n  
A p h o to g r a p h  of  the  e q u i p m e n t  u s e d  to a c c u m u l a t e  th e  e x p e r i m e n t a l  
d a t a  i s  shown in F i g u r e  6. T he  i n s t r u m e n t s  show n in th e  le f t  h a l f  of th e  
p h o t o g r a p h  a r e  t h o s e  u s e d  s p e c i f i c a l l y  f o r  t h i s  e x p e r i m e n t a l  p r o g r a m  
w h i le  the  c o n s o le  on  th e  r i g h t  i s  th e  r e a c t o r  c o n t r o l  c e n t e r .  The  i n s t r u ­
m e n t s  in th e  c o n s o le  a r e  u s e d  p r i m a r i l y  f o r  r e a c t o r  c o n t r o l  but  a l s o  
p r o v i d e  i n f o r m a t i o n  r e q u i r e d  fo r  t h i s  e x p e r i m e n t a l  p r o g r a m .  The 
i n s t r u m e n t a t i o n  on  the  l e f t  p r o v i d e s  fo r  the a c c u m u l a t i o n ,  r e c o r d i n g  a n d  
p r e l i m i n a r y  a n a l y s i s  of  t h e  t i m e  d e p e n d e n t  r e a c t o r  ou tpu t .  It a l s o  
i n c l u d e s  c a l i b r a t i o n  a n d  t e s t i n g  e q u i p m e n t  to  i n s u r e  v a l id  ou tpu t  d a ta .  A 
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The c e n t e r  of  th e  d a t a  a c c u m u l a t i o n  i n s t r u m e n t a t i o n  w a s  a  T e c h ­
n i c a l  M e a s u r e m e n t s  C o r p o r a t i o n  M u l t i c h a n n e l  A n a l y z e r ,  type  402,  
o p e r a t e d  in  th e  m u l t i s c a l e r  m o d e .  In t h i s  m o d e  of o p e r a t i o n  inpu t  
p u l s e s  above  a  s e l e c t e d  t h r e s h o l d  w e r e  cou n ted  into m e m o r y  c h a n n e l s  
s e q u e n t i a l l y  fo l low ing  a " s t a r t  a c c u m u l a t e "  s ignal .  T h e  t h r e s h o l d  w as  
s e t  so t h a t  n o i s e  p u l s e s  w e r e  not  coun ted .  The  n u m b e r  of s e q u e n t i a l  
c h a n n e l s  to be u s e d  m a y  be 100,  200, o r  400. E a c h  c h a n n e l  i s  c a p a b l e  
of  s t o r i n g  up to  100, 000 p u l s e s .  The l e n g th  of  t i m e  th a t  a  c h a n n e l  w as  
o p en  to a c c e p t  p u l s e s  w as  d e t e r m i n e d  by  a t i m in g  p u l s e  s u p p l i e d  e i t h e r  
i n t e r n a l l y  f r o m  a bu il t  in  t i m e r  o r  e x t e r n a l l y  f r o m  the  A t  g e n e r a t o r  
f o r  c h an n e l  a d v a n c e .
The  s e q u e n c e  of  e v e n t s  w h ic h  o c c u r r e d  when  the  a c c u m u l a t e  c o n t ro l  
on the  p a s s  c o u n t e r  w as  e n e r g i z e d  w a s :
1. The  f i r s t  p u l s e  r e c e i v e d  by  th e  s t a r t  a c c u m u l a t e  t r i g g e r  
g e n e r a t o r  f r o m  the  p u l s e  p ickup  c o i l  on th e  o s c i l l a t o r  r o d  r e s e t  the  
channe l  s e l e c t i o n  in  the  m u l t i c h a n n e l  s c a l e r  to z e ro .
2. The  f i r s t  p u l s e  r e c e i v e d  f r o m  th e  A t  g e n e r a t o r  a f t e r  t h i s  
c a u s e d  the  s c a l e r  to  b e g i n  a c c u m u l a t i o n  of  p u l s e s  f r o m  the  ou tpu t  
d e t e c t o r  in  ch a n n e l  z e ro .
3. The n e x t  A t  g e n e r a t o r  p u l s e  c a u s e d  the  m u l t i c h a n n e l  s c a l e r  
to a d v an c e  the  ch a n n e l  s e l e c t o r  to  ch a n n e l  one an d  a g a in  a c c u m u ­
la te  p u l s e s  f r o m  the  o u tp u t  d e t e c t o r  f o r  a  t im e  equa l  to A t .
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4. The  c h an n e l  a d v a n c e  co n t in u e d  with e a c h  A t  p u l s e  un t i l  the  
p r e s e l e c t e d  n u m b e r  of c h a n n e l s  h a d  b e e n  u t i l i z e d .  (U su a l ly  100 
c h a n n e l s  w e r e  u s e d .  ) T h i s  ch a n n e l  ad v a n c e  is no t  i n t e r r u p t e d  by 
the  a r r i v a l  of s t a r t  a c c u m u l a t e  t r i g g e r  p u l s e s  w h i l e  i t  i s  in p r o ­
g r e s s .
5. The fu l l  s w e e p  a c r o s s  a l l  c h a n n e l s  u s e d  i s  r e f e r r e d  to a s  one 
" p a s s " .  F o l lo w in g  a p a s s ,  which  w as  cou n ted  o n  the p a s s  c o u n t e r ,  
a l l  a c c u m u l a t i o n  s topped .
6. T h e  nex t  p u l s e  f r o m  th e  p u l s e  p ic kup  co i l  fo l low ing  the e n d  of 
th e  f i r s t  p a s s  i n i t i a t e d  t h e  c y c l e  a g a i n  and  a n o t h e r  p a s s  w a s  c o m ­
p l e t e d  and coun ted .
7. T h i s  a c c u m u l a t i o n  co n t in u e d  un t i l  e i t h e r  the  p r e s e t  l i m i t  on 
the  p a s s  c o u n t e r  a n d  a c c u m u l a t e  c o n t r o l  w a s  r e a c h e d  o r  un t i l  a  
s u f f i c i e n t  n u m b e r  of  co u n t s  had  b e e n  a c c u m u l a t e d  in e a c h  c h an n e l  
an d  th e  r u n  w as  t e r m i n a t e d  m a n u a l ly .
8. T h e  da ta ,  now s t o r e d  in  the m e m o r y  un i t  of the  m u l t i c h a n n e l  
s c a l e r ,  cou ld  be r e a d  out e i t h e r  g r a p h i c a l l y  o r  d ig i t a l l y  by m e a n s  
of  the  a p p r o p r i a t e  r e a d o u t .
It i s  a p p a r e n t  f r o m  th e  above  s e q u e n c e  th a t  e a c h  p a s s  b e g a n  a t  th e  
s a m e  r e l a t i v e  p h a s e  p o in t  of th e  input  s i g n a l  g e n e r a t o r  s i n c e  it  w a s  
i n i t i a t e d  b y  a p u l s e  f r o m  the  p h a s e  r e f e r e n c e  p i c k u p .c o i l .  Thus  t h e
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i n f o r m a t i o n  s t o r e d  in the  m e m o r y  of  th e  m u l t i c h a n n e l  s c a l e r  r e p r e ­
s e n t e d  th e  s u m  o f  m a n y  ou tpu t  m e a s u r e m e n t s  o v e r  s e l e c t e d  i n t e r v a l s  
of  t i m e ,  the n u m b e r  of  m e a s u r e m e n t s  b e i n g  th e  n u m b e r  of p a s s e s  m a d e  
to a c c u m u l a t e  t h e  da ta .
T he  n u m b e r  of p a s s e s  r e q u i r e d  i s  a  fu n c t io n  of  the  c o u n t r a t e  f r o m  
the  ou tpu t  d e t e c t o r  a n d  the  v a lu e  of  A t  s e l e c t e d .  T h e  v a lu e  of A t  w as  
c h o s e n  s uch  t h a t  a p p r o x i m a t e l y  one  a n d  o n e - h a l f  p e r i o d s  of  the  inpu t  
s ig n a l  w e r e  e q u a l  to A t  t i m e s  the  n u m b e r  o f  c h a n n e l s  u s e d .  In t h i s  
m a n n e r  a p p r o x i m a t e l y  one and  o n e - h a l f  c y c l e s  of t h e  ou tpu t  s ig n a l  w e r e  
o b s e r v e d .
F o r  e x a m p l e ,  a  v a lu e  of  A t  of  0. 5 m i l l i s e c o n d s  w as  u s e d  f o r  an  
input  f r e q u e n c y  o f  30 c y c l e s  p e r  s e c o n d  w h e n  100 s t o r a g e  c h a n n e l s  
w e r e  p r o g r a m e d .  T h u s ,  one p a s s  to o k  50 m i l l i s e c o n d s  o r  1. 5 c y c l e s  
of the  s igna l .  T h e  c o u n t r a t e  w a s  l i m i t e d  to a  m a x i m u m  of 8, 000 coun ts  
p e r  s e c o n d  s in c e  h i g h e r  c o u n t r a t e s  c a u s e d  i n c r e a s e d  c o un t ing  l o s s e s  
due  to d e a d  t i m e  of the  output  d e t e c t o r  a m p l i f i e r  a n d  the s c a l e r .  A 
c u r v e  show ing  t h e  c o un t ing  l o s s  c o r r e c t i o n  f a c t o r  a s  a  f u n c t io n  of  c o u n t ­
r a t e  i s  g iven  in  F i g u r e  8. F r o m  t h i s  f i g u r e  i t  i s  a p p a r e n t  t h a t  i f  the  
c o u n t r a t e  cou ld  b e  a l w a y s  l e s s  t h a n  2, 500 c o u n t s  p e r  s e c o n d ,  no count  
l o s s  c o r r e c t i o n  w o u ld  be  r e q u i r e d .  H o w e v e r ,  t h i s  r e s t r i c t i o n  l e a d s  to 
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outpu t  s ig n a l  w as  a s t a t i s t i c a l l y  u n c e r t a i n  v a lu e ,  i t  w as  n e c ­
e s s a r y  to o b t a in  a m i n i m u m  of 50, 000 coun t s  in  e a c h  c h a n n e l  to  i n s u r e  
th a t  th e  d e v i a t i o n  w ou ld  be  low enough  to y i e ld  the d e s i r e d  a c c u r a c y .  It 
can  be s e e n  in  t h i s  e x a m p l e ,  th e n ,  s in c e  A t  i s  0. 5 m i l l i s e c o n d s ,  the  
c o u n t r a t e  i s  8, 000 c o u n t s  p e r  s e c o n d ,  and  th e  t o t a l  count  i s  no t  l e s s  
th a n  50, 000 coun t s  in e a c h  c h a n n e l ,  t h a t  a m i n i m u m  of 12, 500 p a s s e s  a r e  
r e q u i r e d .  T h u s ,  i t  t a k e s  a p p r o x i m a t e l y  t h i r t e e n  m i n u t e s  to o b ta in  th e  
da ta  f o r  one  po in t  a t  th e  m a x i m u m  a l lo w a b le  c o u n t r a t e .  It i s  a p p a r e n t  
tha t  the  inpu t  f r e q u e n c y  and  the va lue  of  A t  m u s t  r e m a i n  c o n s t a n t  d u r in g  
th i s  t i m e  i f  the  ou tpu t  d a t a  i s  to be a c c u r a t e .  S ince  d i f f i c u l ty  w as  e n ­
c o u n t e r e d  in  m a i n t a i n i n g  a  c o n s t a n t  A t  w i th in  a c c e p t a b l e  l i m i t s  for  
m o r e  th a n  t h i r t y  m i n u t e s ,  h igh c o u n t r a t e s  w e r e  u s e d .
When the  v a r i a b l e  d r i v e  w a s  u s e d  o n  the  inpu t  s ig n a l  g e n e r a t o r  th e  
inpu t  f r e q u e n c y  w a s  d e t e r m i n e d  b y  coun t ing  th e  p u l s e s  f r u m  the  p u l s e  
p ickup  co i l  f o r  a  p r e s e t  t i m e  on the  o s c i l l a t o r  f r e q u e n c y  c o u n t e r  w h i le  
the  r u n  w a s  in  p r o g r e s s .  When  the  f ix e d  g e a r  r a t i o s  o r  d i r e c t  d r iv e  
w e r e  u s e d  w i th  th e  s y n c h r o n o u s  m o t o r ,  the s ig n a l  f r o m  the  p u l s e  p ic k u p  
coi l  w a s  m o n i t o r e d  on a n  o s c i l l o s c o p e  in  w h ich  the  s w e e p  f r e q u e n c y  
was  s y n c h r o n i z e d  with  th e  60 cy c l e  l ine  f r e q u e n c y .  Any s l i p p i n g  of  the  
shaf t  co u p l in g s  o r  m o t o r  of  on ly  a few d e g r e e s  w as  q u ic k ly  a p p a r e n t .
The  v a lu e  of  A t  w a s  d e t e r m i n e d  b e f o r e  and  a f t e r  e a c h  d a t a  r u n  by the  
u s e  of  a  r e f e r e n c e  60 c y c l e  p u i s e r  w h ich  w as  a l s o  s y n c h r o n i z e d  with
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th e  l i n e  f r e q u e n c y  so  th a t  o s c i l l a t o r  f r e q u e n c y  and  A t  w e r e  b o th  
r e f e r e n c e d  to the  s a m e  b a s e .
The  f o r m  of th e  d a t a  o b t a i n e d  with t h i s  e q u i p m e n t  i s  d i s c u s s e d  in  
th e  fo l low ing  c h a p t e r  .
C H A P T E R  V 
DATA R ED U CTIO N  AND E X P E R I M E N T A L  R E S U L T S
The  e x p e r i m e n t a l  d a t a  o b t a i n e d  f r o m  the  e q u i p m e n t  p rev ious ly -  
d e s c r i b e d  w e r e  in t h e  f o r m  of a n  a r r a y  of  n u m b e r s  r e p r e s e n t i n g  the 
n u m b e r  of  counts  s t o r e d  i n  e a c h  of  the one  h u n d r e d  m e m o r y  c h a n n e l s .
A t y p i c a l  ou tpu t  page i s  sh o w n  i n  T a b le  2. The  n u m b e r s  w e r e  ty p e d  
a u t o m a t i c a l l y  by  the a n a l y z e r  an d  the  h e a d i n g s  w e r e  i n s e r t e d  m a n u a l l y  
to  i d e n t i fy  the  data f o r  s u b s e q u e n t  a n a l y s i s .  It w a s  a l s o  p o s s i b l e  to 
o b ta in  a g r a p h ic a l  d i s p l a y  of  th e  d a t a  a s  shown in  F i g u r e  9 a n d  F ig u r e ,
10. T h i s  au to m a t ic  g r a p h i n g  of  t h e  d a ta  w i th  s u p p r e s s e d  z e r o  show s  
v e r y  c l e a r l y  th e  s t a t i s t i c a l  n a t u r e  of  the  ou tpu t  da ta .  It w as  f e l t  t h a t  
a n a l y s i s  of  the  g r a p h ic a l  d a t a  w o u ld  p r o v i d e  i n f o r m a t i o n  c o n c e r n i n g  the  
a m p l i t u d e  and  phase  of  th e  r e a c t o r  ou tpu t  but  su f f i c i e n t  a c c u r a c y  cou ld  
no t  be  o b t a i n e d  f r o m  th i s  a p p r o a c h .  The  g r a p h i c a l  d i s p l a y  d id ,  h o w e v e r ,  
s e r v e  a v e r y  useful  p u r p o s e .  A ny  s e v e r e  n o i s e  c o n d i t io n s  o r  m a l f u n c t i o n  
of  the  e q u i p m e n t  cou ld  be o b s e r v e d  on th e  g r a p h i c a l  d i s p l a y  a n d  th e  d a t a  
r e r u n  if  u n ex p ec ted  v a r i a t i o n s  w e r e  a p p a r e n t .  The  g r a p h i c a l  d i s p l a y  
w a s  u s e d  a s  a  v i s u a l  m o n i t o r  d u r i n g  the  a c c u m u l a t i o n  of  d a ta .  The  d a t a  
in  F i g u r e  9 w e r e  o b t a i n e d  a t  a n  o s c i l l a t o r  f r e q u e n c y  of  t h i r t y  c y c l e s  p e r
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T A B L E  2 
REACTOR OSCILLATOR DATA
RUN 376
POSITION: 7 . 5  i n c h e s  w e s t  o f  c e n t e r
OSCILLATOR FREQUENCY: 6 . 0  cp s

































5 0 9 5 6  
5 2 5 9 6  
5 5 1 4 0  
5 7148  
57112  
5 6 3 7 0  




































5 5 9 7 4
57509
5 7 1 5 4
55239
52715






















POSITION: r e a c t o r  c e n t e r
OSCILLATOR FREQUENCY: 30 cps











































































3 8 9 8 4
40171
40 3 7 3
























POSITION: 1 7 . 0  i n c h e s  w e s t  o f  c e n t e r
OSCILLATOR FREQUENCY: 60  cp s


































5 5 2 3 4




5 2 7 0 4  
54 2 5 2
53779  
50841  
5 4234  
55190  
51267  



























5 4 9 3 4  
5 4 9 4 4
53179
5 4 1 6 9
5 5 3 7 7
53 4 6 5
52 8 5 5
52 1 2 2
51702
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s e c o n d  w i th  the  d e t e c t o r  48.  2 c e n t i m e t e r s  f r o m  the  r e a c t o r  c e n t e r .
It i s  a p p a r e n t  t h a t  t h e  da ta  in  F i g u r e  9 a r e  m o r e  s c a t t e r e d  t h a n  t h o s e  in
F i g u r e  10. T h e  l a t t e r  w e re  o b ta in e d  a t  the  s a m e  o s c i l l a t o r  f r e q u e n c y
but w i th  t h e  d e t e c t o r  only 23. 0 c e n t i m e t e r s  f r o m  c e n t e r .  S u b s e q u e n t
a n a l y s i s  s h o w e d  t h i s  o b s e r v a t i o n  to i n d e e d  be t r u e - - t h e  v a r i a n c e  of
5
the  d a t a  i n  F i g u r e  9 being 1 . 4  X 10 whi le  t h a t  f o r  t h e  d a t a  in  F i g u r e  10 
4
w as  on ly  5. 5 X 10 . It is a p p a r e n t  th a t  a n  i n d i c a t i o n  of  the  r e l a t i v e  
w o r th  of  th e  d a t a  c o u ld  be o b t a in e d  f r o m  the  g r a p h i c a l  d i s p l a y  but  i t  
w as  i m p o s s i b l e  to  ob ta in  a n  a c c u r a t e  i n d i c a t i o n  of a n y  p h a s e  sh if t  
b e tw e e n  th e  two c u r v e s .  The  l a t t e r  i n f o r m a t i o n  m u s t  be  o b t a i n e d  by 
d ig i ta l  a n a l y s i s  of  t h e  n u m e r i c a l  da ta .
The  f i r s t  s t e p  i n  the a n a l y s i s  of the  e x p e r i m e n t a l  d a t a  w a s  to ob ta in ,  
on an  IBM  1410 , a  l e a s t  s q u a r e  f i t  of the  n u m e r i c a l  d a t a  to  th e  c u r v e
y  = A  + B c o s  (2tt f  n A t )  + C s in  (2ir f  n A t )  (4 8 )
w h e r e  f i s  th e  f r e q u e n c y  of th e  o s c i l l a t o r  r o d ,  n i s  the  c h a n n e l  
n u m b e r  a n d  A t  i s  t h e  t im e  e a c h  c h a n n e l  i s  o pen  f o r  t h e  a c c u m u l a t i o n  of 
da ta .  F r o m  t h i s  f i t  t h e  r e l a t i v e  p h a s e  an g le ,  0 , f o r  the  r u n  w as  
d e t e r m i n e d  f r o m
0 = t a n   ̂ "0" . (49)
The r a t i o  of  th e  p e a k  to  p e a k  a m p l i t u d e  of  the  s i n u s o i d a l  v a r i a t i o n
6 3
to the  a v e r a g e  v a lu e ,  A, w a s  a l s o  d e t e r m i n e d .  This  r a t i o ,  , is
n o
g iven  by
= 2 . (50)
n  Ao
The m e a n  s q u a r e  e r r o r  and  the  m e a n  a b s o l u t e  e r r o r  of  th e  da ta  
r e l a t i v e  to th e  c o m p u te d  c u r v e  w e r e  a l s o  c a l c u la te d .
A p o r t i o n  of th e  c u r v e s  r e s u l t i n g  f r o m  two such  c a l c u l a t i o n s  a r e  
show n  in F i g u r e  11 t o g e t h e r  w i th  the  e x p e r i m e n t a l  da ta  p o in t s  u s e d  to 
c o m p u te  th e  v a l u e s  fo r  the  c u r v e s .  The  z e r o  po in t  on th e  c u r v e  i s  
s u p p r e s s e d  so th a t  the  d e r i v a t i o n  of the  e x p e r i m e n t a l  d a t a  f r o m  the  
c a l c u l a t e d  c u r v e  i s  a p p a r e n t .  Z e r o  s u p p r e s s i o n  w as  a c c o m p l i s h e d  by  
s u b t r a c t i n g  th e  c o m p u te d  v a lu e  of A f r o m  e a c h  d a t a  point .  Two c u r v e s ,  
one  with th e  o s c i l l a t o r  r o t a t i n g  at 3. 0 c y c l e s  p e r  s e c o n d  a n d  the  o t h e r  
a t  30. 0 c y c l e s  p e r  s e c o n d  a r e  shown. T he  v a l u e  of  At fo r  e a c h  ru n  
w a s  such  t h a t  about  one c y c l e  i s  d i s p l a y e d  a l th o u g h  100 c h a n n e l s  c o m ­
p r i s i n g  abou t  1. 5 c y c l e s  w e r e  u s e d  fo r  th e  c a lcu la t ion .  The  d e t e c t o r  
w a s  l o c a t e d  2 3 . 0  c e n t i m e t e r s  f r o m  th e  r e a c t o r  c e n t e r  f o r  bo th  s e t s  of  
da ta .  The i n c r e a s e d  p h a s e  sh i f t  an d  a t t e n u a t i o n  at  the h i g h e r  o s c i l l a t o r  
f r e q u e n c y  a r e  a p p a r e n t .
The  r e l a t i v e  p h a s e ,  6 , c a l c u l a t e d  f r o m  th e  da t a  i s  an  in d i c a t i o n  
of  t h e  p h a s e  of  the r e a c t o r  o u tpu t  r e l a t i v e  to  t r i g g e r  point  e s t a b l i s h e d  
by th e  a n g u l a r  lo c a t io n  of  t h e  t r i g g e r  p ic k u p  co i l  on  the o s c i l l a t o r  r o d
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b e a r i n g  s u p p o r t .  T h i s  l o c a t i o n  canno t  be d e t e r m i n e d  d i r e c t l y  bu t  can  
be m e a s u r e d  qu i t e  a c c u r a t e l y  by a n  i n d i r e c t  a p p r o a c h .  A f ix ed  a n g u l a r  
s c a l e  w a s  m o u n t e d  beh ind  a  p o i n t e r  a t t a c h e d  to th e  o s c i l l a t o r  shaf t .  A 
s t r o b e  l igh t ,  t r i g g e r e d  by the  s a m e  p u l s e  w h ich  i n i t i a t e d  th e  a n a l y z e r  
o p e r a t i o n ,  w a s  u s e d  to " s t o p "  the  p o i n t e r  f o r  a r e a d i n g .  In t h i s  m a n n e r ,  
a.n an g le  c o r r e s p o n d i n g  to c h a n n e l  z e r o  w a s  r e a d  d i r e c t l y  f r o m  the  s c a l e  
fo r  v a r i o u s  r o t a t i o n a l  f r e q u e n c i e s  of the  o s c i l l a t o r  rod .  The  a c c u r a c y
4-
of th i s  r e a d i n g  w a s  a p p r o x i m a t e l y  - 0. 5 d e g r e e s .  The  r e a d i n g  o b ta in e d
w a s  a  f u n c t io n  of  o s c i l l a t o r  f r e q u e n c y  s in ce  the  p u l s e  s h a p e  f r o m  the 
t r i g g e r  co i l  w a s  a f u n c t io n  of  the  v e l o c i t y  of  the p e r m a n e n t  m a g n e t  
a t t a c h e d  to  th e  o s c i l l a t o r  r o d .  A c u r v e  showing  the  a n g u l a r  r e a d i n g  a s  a 
fu n c t io n  of  o s c i l l a t o r  f r e q u e n c y  i s  shown in  F i g u r e  1 2. The  s m o o th  c u r v e  
th a t  m a y  be  d r a w n  th r o u g h  the  d a ta  p o in t s  i n d i c a t e s  t h a t  the  r e l a t i v e  
l o c a t i o n  of  the  p ic k u p  coi l  c a n  be d e t e r m i n e d  to a p p r o x i m a t e l y  0. 2 d e g r e e s  
f o r  a n y  o s c i l l a t o r  f r e q u e n c y .
The  f in a l  s t e p  to o b ta in  an  a b s o lu t e  m e a s u r e m e n t  of  the  p h a s e  l a g  
b e t w e e n  inpu t  an d  ou tpu t  w a s  th e  c a l i b r a t i o n  of t h e  e f f e c t  of  the  o s c i l l a t o r  
r o d  on  the  r e a c t o r  a s  a  fu n c t io n  of a n g u l a r  p o s i t i o n  i n d i c a t e d  by  the p o i n t e r  
an d  f i x e d  s c a l e .  The  c h a n g e  in  r e a c t i v i t y  a s  a  fu n c t io n  of  i n d i c a t e d  ang le  
w a s  m e a s u r e d  b y  d e t e r m i n i n g  th e  d i s t a n c e  t h a t  a  c a l i b r a t e d  c o n t ro l  r o d  
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th e  o s c i l l a t o r  rod .  The  c o n t ro l  r o d  w a s  c a l i b r a t e d  w i th  a te chn ique  
p r e v i o u s l y  d e v e lo p e d  by  the  a u t h o r .  [29] T h i s  c a l i b r a t i o n  i s  very  
a c c u r a t e  i n  the  r a n g e  r e q u i r e d  f o r  e v a l u a t i o n  of  the  o s c i l l a t o r  rod 
al low ing  t h e  t o t a l  w o r t h  of the  o s c i l l a t o r  to be  d e t e r m i n e d  to  b e t te r  
t h a n  one p e r  cen t .  The  s a m e  ty p e  of l e a s t  s q u a r e  f i t  p r o g r a m  used  
f o r  the ou tpu t  d a ta  w a s  a p p l i e d  to  the  o s c i l l a t o r  r o d  c a l i b r a t i o n  data 
to d e t e r m i n e  p h a s e  a n g le  of  t h i s  c a l i b r a t i o n  r e l a t i v e  to  th e  i n d i c a to r  
r e a d i n g .  The  c a l i b r a t i o n  da t a  t o g e t h e r  w ith  the  c a l c u l a t e d  c u r v e  is  
shown in  F i g u r e  13.
The a b s o l u t e  p h a s e  r e l a t i o n  b e t w e e n  inpu t  an d  o u tpu t  m a y  now be 
d e t e r m i n e d  s in ce  the  ou tpu t  p h a s e  r e l a t i v e  to  th e  t r i g g e r  p u l s e  is 
known,  th e  r e l a t i o n  b e t w e e n  t r i g g e r  p u l s e  a n d  f i x e d  s c a l e  i s  known a s  
a  func t ion  of  the  f r e q u e n c y  an d  th e  p h a s e  r e l a t i o n  b e t w e e n  t h e  input and  
t h e  f ixed  s c a l e  i s  known.  An a c c u r a t e  d e t e r m i n a t i o n  of th e  p o s s ib le  
e r r o r s  i n t r o d u c e d  in  t h i s  c o m p l i c a t e d  c a l i b r a t i o n  p r o c e d u r e  i s  diff icult.  
T he  b e s t  r e a s o n  f o r  co n f id e n ce  in  the  n u m b e r s  o b t a in e d  l i e s  in  the f ac t  
t h a t  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  a n d  t h e o r e t i c a l  p h a s e  a n g le  i s  v e r y  
good.  S ince  the  a b s o l u t e  va lue  of  the  p h a s e  an g le  w a s  not  one  of  the 
p r i m a r y  p u r p o s e s  of  the  r e s e a r c h ,  a n  a c c u r a t e  e r r o r  a n a l y s i s  has no t  
b e e n  a t t e m p t e d .  P r i m a r y  i n t e r e s t  w a s  i n  the  r e l a t i v e  p h a s e  l a g  be tween  
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know ledge  of  the  a b s o l u t e  p h a s e  an g le  b e t w e e n  inpu t  and  output .
F i g u r e s  14 and  15 show the  p h a s e  r e l a t i o n s h i p  b e t w e e n  inpu t  
and  ou tpu t  a s  a f u n c t i o n  of  o s c i l l a t o r  f r e q u e n c y  fo r  two p o s i t i o n s  of 
the  ou tpu t  d e t e c t o r .  S u f f ic i en t  d a t a  w a s  o b t a i n e d  fo r  such  c u r v e s  at 
eight  o t h e r  d e t e c t o r  l o c a t i o n s  but  th e  c u r v e s  t h a t  r e s u l t  f r o m  t h e s e  
v a l u e s  a r e  v e r y  s i m i l a r  to  t h o s e  in  F i g u r e s  14 a n d  15 and  have  no t  
been  r e p r o d u c e d .  A  m o r e  s u i t a b l e  d i s p l a y  of  d a t a  i s  g iv e n  l a t e r  to 
show th e  r e l a t i o n s h i p  b e t w e e n  p h a s e  l a g  an d  d e t e c t o r  lo c a t io n .
A ls o  show n on F i g u r e s  14 an d  15 a r e  c u r v e s  r e l a t i n g  the ga in  
of the  r e a c t o r  to th e  o s c i l l a t o r  f r e q u e n c y .  The  p o in t s  p lo t t e d  a r e  
d e t e r m i n e d  f r o m  th e  d e f in i t i o n
G a in  = 20 log ^  J l
n  Ak
(51)
An e x p e r i m e n t a l  v a l u e  f o r  th e  n e u t r o n  l i f e t i m e ,  , w a s  o b t a in e d
f r o m  th e  g a in  da t a  a s  a  l e a s t  s q u a r e  f it  to  th e  a p p r o x i m a t e  t r a n s f e r  
func t ion  o b t a in e d  f r o m  th e  l i n e a r i z e d  m o d e l  of  t h e  po in t  k in e t i c  e q u a ­
t ions  g iv e n  p r e v i o u s l y .  The  r a t i o  of  y(3 to w a s  t a k e n  a s  the  
p a r a m e t e r  f o r  th i s  f i t .  S ince  y|3 i s  a  know n c o n s t a n t ,  the  b e s t  v a lu e  
of jg  * w a s  found  to be
+ -5= ( 6 .0  - 0. 08) X 10 s e c o n d s .
The v a lu e  of  w a s  d e t e r m i n e d  a t  e a c h  s p a t i a l  po in t  w h e r e  t h e
-0-▼ GAIN
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r e a c t o r  f r e q u e n c y  r e s p o n s e  w as  m e a s u r e d ,  but  no s ig n i f i can t  v a r i a t i o n  
of  n e u t r o n  l i f e t i m e  w i th  p o s i t i o n  cou ld  be o b s e r v e d .  T h i s  o b s e r v a t i o n  
w a s  to be e x p e c t e d  s in c e  the  t h e o r e t i c a l  c o n s i d e r a t i o n s  p r e d i c t  a  v e r y  
s m a l l  c h a n g e  in ga in  o v e r  th e  l i m i t e d  s p a t i a l  r a n g e  i n v e s t i g a t e d .  If it 
w e r e  p o s s i b l e  to ex t e n d  the  e x p e r i m e n t a l  w o r k  to l a r g e r  d i s t a n c e s  f r o m  
the  c o r e  th e  i n d i c a t e d  va lue  of  the n e u t ro n  l i f e t i m e  shou ld  i n c r e a s e .
The  v a l u e  of  a s  d e t e r m i n e d  above  w a s  u s e d  to  p lo t  the
t h e o r e t i c a l  c u r v e s  of  p h a s e  shif t  and ga in  i n  F i g u r e s  14 an d  15 fo r  c o m ­
p a r i s o n  w i th  the  e x p e r i m e n t a l  po in ts .  The l i n e a r i z e d  m o d e l  of the  poin t  
k in e t i c  e q u a t io n s  w as  u s e d  f o r  t h e se  c u r v e s .
W hi le  e x t e n d in g  th e  e x p e r i m e n t a l  m e a s u r e m e n t s  to g r e a t e r  d i s t a n c e s  
f r o m  the  c o r e  w ou ld  be  d e s i r a b l e ,  i t  w as  no t  p o s s i b l e  w i th  the p r e s e n t  
e x p e r i m e n t a l  e q u i p m e n t .  The  l i m i t a t i o n  f o r  th e  e x p e r i m e n t a l  w o r k  was  
d e t e r m i n e d  by  th e  s e n s i t i v i t y  of the  n e u t r o n  d e t e c t o r  u s e d  and the  n e u t r o n  
f lu x  a v a i l a b l e .  S ince  i t  w as  e s s e n t i a l  to m a k e  p o in t  m e a s u r e m e n t s  of th e  
n e u t r o n  l e v e l ,  a  s m a l l  d e t e c t o r  w as  r e q u i r e d .  Such  a d e t e c t o r  o b v io u s ly  
h a s  a  s m a l l  s e n s i t i v e  v o lu m e  and c o n s e q u e n t ly  a low  a b s o lu t e  s e n s i t i v i t y .  
The  n e u t r o n  f lu x  a v a i l a b l e  w a s  l i m i t e d  by  t h e  m a x i m u m  r e a c t o r  p ow er  
which ,  in t u r n ,  i s  f i x e d  by  The  A to m ic  E n e r g y  C o m m i s s i o n  r e g u l a t i o n s  
g o v e r n in g  o p e r a t i o n  of  the r e a c t o r .  The  f lu x  f a l l s  off s h a r p l y  in  the  
w a t e r  s u r r o u n d i n g  th e  r e a c t o r  co re .  The v a l u e  of  the f lu x  r e l a t i v e  to
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the  f lux  a t  t h e  c e n t e r  of  the  r e a c t o r  i s  s how n  in  F i g u r e  16. Both  the  
t h e r m a l  a n d  the  e p i t h e r m a l  f lux  d i s t r i b u t i o n s  a r e  shown. T h e s e  
c u r v e s  w e r e  o b t a i n e d  w i th  the s a m e  d e t e c t o r  u s e d  in  the  o t h e r  e x ­
p e r i m e n t a l  w o rk .  T he  d i s t r i b t u i o n  of  the  e p i t h e r m a l  f lux  w as  m e a s ­
u r e d  by c o v e r i n g  th e  d e t e c t o r  w ith  c a d m i u m  of s u f f i c i e n t  t h i c k n e s s  
to a b s o r b  m o r e  t h a n  99 p e r  cen t  of  the  t h e r m a l  n e u t r o n s .  The  t h e r ­
m a l  f lux  d i s t r i b t u i o n  w as  d e t e r m i n e d  with  t h e  d e t e c t o r  a s  n o r m a l l y  
u sed .  The  t h e r m a l  r e a d i n g s  w e r e  n o r m a l i z e d  to u n i t y  at  the c e n t e r  of 
the  r e a c t o r  c o r e  a n d  the  r a t i o  of  the e p i t h e r m a l  f lu x  to t h e r m a l  f lux  at 
the  c e n t e r  of  the  c o r e  w a s  c a l c u l a t e d  by  m e a n s  of th e  c o r e  coupl ing  c o ­
e f f ic ien t  f r o m  two g r o u p  d i f fu s ion  t h e o r y .  [3] [22] The  g roup  c o n s t a n t s  
u s e d  in  t h i s  c a l c u l a t i o n  w e r e  c a l c u l a t e d  f r o m  the p h y s i c a l  c o n s t a n t s  of 
the  AGN-211 c o r e  m a t e r i a l .  [30] The c o u p l in g  c o e f f i c i e n t  w h ich  d e t e r ­
m i n e s  the  r a t i o  of  th e  e p i t h e r m a l  to t h e r m a l  f lux  a t  the  c e n t e r  of the  
r e a c t o r  i s  n o t  d e p e n d e n t  upon  the  g e o m e t r y  of  the s y s t e m  but  only  
upon the  c o r e  m a t e r i a l s .  The  e p i t h e r m a l  to  t h e r m a l  f lux  r a t i o  a t  
p o in t s  o t h e r  t h a n  a t  the  c e n t e r  i s  g e o m e t r y  d e p e n d e n t  but  m a y  be 
d e t e r m i n e d  f r o m  th e  r a t i o  at  the  c e n t e r  a n d  th e  f lux  d i s t r i b u t i o n s  a s  
a  fu n c t io n  of  p o s i t i o n  i n  the  r e g i o n  of  i n t e r e s t .  V a lu e s  f r o m  th e s e  two 
c u r v e s  w e r e  u s e d  to  c a l c u l a t e  the  r a t i o  of  t h e  s lo w in g  down d e n s i ty  to 
the  t h e r m a l  d i f fu s io n  d e n s i t y  a t  the  p o in t s  w h e r e  p h a s e  m e a s u r e m e n t s
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w e r e  m a d e .  S ince  th i s  l a t t e r  r a t i o  w a s  r e q u i r e d  to  p r e d i c t  th e  p h a s e  
sh i f t  a s  a  func t ion  of p o s i t i o n ,  the e x p e r i m e n t a l  d a t a  f o r  p lo t t in g  t h e s e  
c u r v e s  w e r e  o b ta in e d  as a c c u r a t e l y  a s  p o s s i b l e .  Su f f ic ien t  co u n t s  w e r e  
a c c u m u l a t e d  at  e a c h  m e a s u r e m e n t  p o in t  to i n s u r e  a s t a n d a r d  d e v i a t i o n  
of l e s s  than  o n e - t e n t h  p e r  c e n t  of  the  coun t  w i th  the  e x c e p t io n  of  the 
l a s t  few po in ts  on the e p i t h e r m a l  c u r v e .  The  c o u n t r a t e  o b s e r v e d  w i th  
the c a d m i u m  c o v e r e d  d e t e c t o r  at  t h e s e  d i s t a n c e s  w a s  so low th a t  e x ­
t r e m e l y  long  coun t ing  t i m e s  wou ld  h a v e  b e e n  r e q u i r e d .  S ince  the 
e x p e r i m e n t a l  m e a s u r e m e n t s  w e r e  no t  e x t e n d e d  b e y o n d  50 c e n t i m e t e r s ,  
t h e s e  few p o in t s  w e r e  not  a s  a c c u r a t e l y  d e t e r m i n e d  a s  t h o s e  n e a r e r  the  
c o r e .  S t a n d a rd  de v ia t io n  b a r s  a r e  shown on  t h e s e  p o in t s  w h e r e  the  
s t a n d a r d  d ev ia t io n  e x c e e d s  th e  s i z e  of  the  po in t  p lo t t e d .  One o t h e r  
p r e c a u t i o n  t a k e n  to  i n s u r e  a c c u r a t e  f lu x  d i s t r i b u t i o n  c u r v e s  w a s  to  k e e p  
the o s c i l l a t o r  r o d  ru n n in g  a t  30 cps  d u r i n g  t h e s e  m e a s u r e m e n t s .  A ny  
c h an g e  in  f lux d i s t r i b u t i o n  i n d u c e d  by  the  r o d  wou ld  th u s  b e  the  s a m e  
a s  d u r i n g  the  a c c u m u l a t i o n  of  o t h e r  da ta .  T h i s  e f f e c t  s h ou ld  be v e r y  
s m a l l  s in ce  the o s c i l l a t o r  r o d  w as  l o c a t e d  s e v e r a l  n e u t r o n  m e a n  f r e e  
p a t h s  f r o m  the c l o s e s t  a p p r o a c h  of  the  d e t e c t o r .
It i s  of i n t e r e s t  to  no te  t h a t  the  s lope  of th e  c u r v e s  in  the  w a t e r  
r e g i o n  s u r r o u n d i n g  th e  c o r e  i s  in a g r e e m e n t  w i th  t h a t  p r e d i c t e d  by  the  
one d i m e n s i o n  two g roup  d i f fus ion  e q u a t io n  f o r  o n ly  a  s m a l l  d i s t a n c e
76
b e t w e e n  45 a n d  55 c m .  The  d e v i a t i o n s  o u t s id e  th i s  r a n g e  a r e  due to 
the  c o m p l i c a t e d  g e o m e t r y  of  t h i s  r e a c t o r .  The  f ina l  r e s u l t s  of  the 
e x p e r i m e n t a l  w o r k  to  v e r i f y  the  t h e o r e t i c a l  c o n s i d e r a t i o n s  d i s c u s s e d  
p r e v i o u s l y  a r e  d i s p l a y e d  g r a p h i c a l l y  in  F i g u r e s  17 an d  18. T he  g r a p h s  
show th e  r e l a t i o n  b e t w e e n  p h a s e  l a g  an d  d i s t a n c e  fo r  th e  two f r e q u e n ­
c ie s  w h e r e  s i g n i f i c a n t  v a r i a t i o n s  w e r e  o b s e r v e d .  The da ta  a r e  p lo t ted  
on an  e x p a n d e d  s c a l e  so th a t  v a r i a t i o n s  wil l  be  m o r e  r e a d i l y  a p p a r e n t .  
The d a t a  p o i n t s  sh o w n  a r e  t h o s e  d e t e r m i n e d  f r o m  the  r e l a t i o n s h i p  
b e t w e e n  inpu t  and  ou tpu t  p h a s e  ang le  p r e v i o u s l y  d i s c u s s e d  in t h i s  
c h a p t e r .  The  so l id  l i n e  in  e a c h  g r a p h  i s  c a l c u l a t e d  by m e a n s  of  e q u a ­
t i on  (42) d e v e l o p e d  i n  the  t h e o r e t i c a l  s e c t i o n  of  th i s  p a p e r .  S ince  
e q u a t io n  (42) y i e ld s  i n f o r m a t i o n  c o n c e r n i n g  on ly  p h a s e  change  with  
p o s i t i o n ,  the  po in t  a t  1 5 . 2  cm .  on ea c h  c u r v e  w as  t a k e n  a s  th e  p h a s e  
lag  p r e d i c t e d  f r o m  t h e  po in t  k i n e t i c  e q u a t io n s  fo r  the  p a r t i c u l a r  f r e ­
q u e n c y  of i n t e r e s t .  The  p h a s e  sh i f t  c a l c u l a t e d  fo r  e a c h  s p a t i a l  point  
w a s  t h e n  a d d e d  to th i s  va lue  to o b t a in  th e  to t a l  p h a s e  l a g  a s  a func t ion  
of  p o s i t i o n .  The  d a s h e d  l ine  on e a c h  g r a p h  i s  a l ine  c a l c u l a t e d  by a 
l e a s t  s q u a r e  f i t  of  th e  e x p e r i m e n t a l  d a t a  to a  s t r a i g h t  l ine .
T h e  d a t a  u s e d  to p lo t  t h e s e  tw o  c u r v e s  a r e  p r e s e n t e d  in  T a b l e s  3 
and  4. A lso  l i s t e d  in  t h e s e  t a b l e s  i s  the  r u n  n u m b e r  f o r  d e t e r m i n a t i o n  
of  t h e  ou tpu t  r e s p o n s e .  C o n s e c u t iv e  r u n  n u m b e r s  in d i c a te  t h a t  the da t a
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p o in t s  inv o lv ed  w e r e  o b ta in e d  s e q u e n t i a l l y .  T h i s  i n f o r m a t i o n  is  i n ­
c luded  to show th a t  t h e r e  i s  no a p p a r e n t  c o r r e l a t i o n  of  d a t a  w ith  a 
p a r t i c u l a r  e x p e r i m e n t a l  o p e r a t i o n .  A v a lu e  of  th e  v a r i a n c e  m a y  
thus  be d e t e r m i n e d  c o n s i d e r i n g  a l l  d a t a  a c c u m u l a t e d  a t  e a c h  f r e ­
q u e n c y  to be of eq u a l  weigh t .  T h e s e  ru n  n u m b e r s  a l s o  s e r v e  to 
i d e n t i fy  the  c o m p u t e r  c a l c u l a t i o n s  and  o t h e r  o p e r a t i o n s  n e c e s s a r y  to 
r e d u c e  the da t a  to th e  f o r m  g iven  h e r e .
C H A P T E R  VI 
DISCUSSION O F  R E S U L T S  AND CONCLUSIONS 
E x p e r i m e n t a l  E r r o r s
Two s o u r c e s  of  e r r o r  a r e  p r e d o m i n a n t  in the e x p e r i m e n t a l  r e s u l t s .  
T h e y  a r e  the s t a t i s t i c a l  n a t u r e  of  th e  a c c u m u l a t e d  d a t a  and  the  u n c e r ­
t a i n t y  of  e x p e r i m e n t a l  p a r a m e t e r s  u s e d  in the  r e d u c t i o n  of  the  d a t a .
S t a t i s t i c a l  V a r ia t io n s
F o r  the  co u n t in g  of  r a d i a t i o n  f r o m  a r a d i o a c t i v e  s o u r c e ,  P o i s s o n  
s t a t i s t i c s  m a y  be  u s e d .  In cou n t in g  n e u t ro n s  f r o m  a  n u c l e a r  r e a c t o r ,  
h o w e v e r ,  the  s p r e a d  in  the  d a t a  i s  s o m e w h a t  l a r g e r  tha n  t h a t  p r e d i c t e d  
by  P o i s s o n  s t a t i s t i c s  i f  the  c o u n t in g  t i m e  is s h o r t .  The  a d d i t io n a l  
d e v ia t io n  i s  g e n e r a l l y  a t t r i b u t e d  to  r e a c t o r  n o i s e  w h ich  m a y  be e x ­
p l a in e d  a s  r e s u l t i n g  f r o m  c h a i n s  o f  f i s s io n  e v e n t s  o r i g i n a t i n g  f r o m  a 
s in g le  n e u t ro n .  If a  n e u t r o n  i n i t i a t e d  a cha in  w h ich  w a s  p e r p e t u a t e d  
f o r  s o m e  t i m e ,  th e n  i t  h a d  a g r e a t e r  s t a t i s t i c a l  w e igh t  t h a n  one w h ich  
i n i t i a t e d  a c h a i n  w h ich  t e r m i n a t e d  a f t e r  only a few  f i s s i o n s .  T h is  
e f fec t  d e c r e a s e s  fo r  h i g h e r  o p e r a t i n g  p o w e r s  s in c e  th e  n u m b e r  of  s u c h  
c h a in s  i s  l a r g e r  and  a  b e t t e r  a v e r a g e  i s  obtained.  A s  the  r e a c t o r  p o w e r  
i s  i n c r e a s e d  o r  the  cou n t in g  t i m e  le n g th e n e d ,  the  s t a t i s t i c s  a p p r o a c h
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t h o s e  p r e d i c t e d  fo r  a  P o i s s o n  d i s t r i b u t i o n .
F o r  a P o i s s o n  d i s t r i b u t i o n  th e  s t a n d a r d  d e v i a t io n  i s  eq u a l  to the 
s q u a r e  r o o t  of  the  n u m b e r  of  c o u n t s  o b ta in ed  if  t h i s  n u m b e r  i s  l a r g e .  
T h u s ,
s  = V ÎTe
s ^  = e x p e r i m e n t a l  s t a n d a r d  d e v ia t io n  (52)
N  = n u m b e r  of  coun t s  o b s e r v e d .
In  th e  m o r e  g e n e r a l  c a s e ,  h o w e v e r ,
n
= c ^  1 ( N . - N ) ^  (53)
i= l
w h e r e
2
8 = c a l c u l a t e d  v a r i a n c ec
n  = t h e  n u m b e r  of  o b s e r v a t i o n s
N. = n u m b e r  of c o u n t s  o b s e r v e d  in  i^^ o b s e r v a t i o n1
N = e x p e c t e d  v a lu e  of  the o b s e r v a t i o n
2
T h e  va lue  of s^ w as  c a l c u l a t e d  by  e q u a t io n  (53) in  the  d a t a  r e d u c ­
t i o n  p r o g r a m  u s i n g  th e  va lue  p r e d i c t e d  by e q u a t io n  (48) a s  N. The  
v a l u e  of s^ c a l c u l a t e d  f r o m  e q u a t io n  (53) in  t h i s  m a n n e r  w a s  n e a r l y  the  
s a m e  as the va lue  of s ^  c a l c u l a t e d  f r o m  e q u a t io n  (52) u s i n g  the  m e a n  
v a l u e  of the  d a t a  a s  th e  va lue  fo r  N. This  r e s u l t  w o u ld  i n d i c a t e  th a t
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th e  n o r m a l  s t a t i s t i c a l  v a r i a t i o n s  inv o lv ed  in coun t ing  can  a c c o u n t  fo r
the  o b s e r v e d  v a r i a t i o n s  in the  r e d u c e d  da ta .
Since th e  m e a n  valuie of th e  n u m b e r  of  counts  a c c u m u l a t e d  p e r  
c h an n e l  w as  a p p r o x i m a t e l y  50, 000, t h e  s t a n d a r d  d e v i a t i o n  of 224 i s  
0. 45 p e r  ce n t  of  the o b s e r v e d  n u m b e r .  The  a m p l i t u d e  of  the  n e u t r o n  
v a r i a t i o n  w a s  on ly  7 p e r  cen t  of  the  m e a n  va lue  fo r  the  low  f r e q u e n c y  
t e s t s  and  d r o p p e d  to 2. 1 p e r  cen t  fo r  the s ix ty  c y c l e  p e r  s e c o n d  t e s t s .  
If the  m e a n  v a lu e  i s  s u b t r a c t e d  f r o m  the  d a t a  p o in t s ,  t h e n  th e  d e v i a ­
t ion  f r o m  the  c a l c u l a t e d  v a r i a t i o n  r a n g e s  f r o m  6. 4 p e r  c e n t  to  n e a r l y  
21 p e r  c e n t  of  the  a m p l i t u d e  of  the v a r i a t i o n .  The  s c a t t e r  is  shown 
g r a p h i c a l l y  in F i g u r e  11.
T h e r e  a r e  two w a y s  of  im p r o v i n g  the a c c u r a c y  of the  e x p e r i m e n t .  
The  f i r s t  w o u ld  be  to a c c u m u l a t e  m o r e  coun ts  in  o r d e r  to o b ta in  a 
l o w e r  p e r  ce n t  s t a n d a r d  dev ia t ion .  E i t h e r  th e  t i m e  r e q u i r e d  fo r  th e  
a c c u m u l a t i o n  of  d a t a  o r  the  c o u n t r a t e  would  have  to be i n c r e a s e d  with  
th e  r e s u l t  t h a t  o t h e r  i n a c c u r a c i e s  w ould  be m a g n i f i e d  a s  w i l l  be shown 
l a t e r .  The  o t h e r  i m p r o v e m e n t  could  be  m a d e  by i n c r e a s i n g  the  t o t a l  
w o r t h  of  th e  o s c i l l a t o r  r o d ,  t h e r e b y  i n c r e a s i n g  the  a m p l i t u d e  of  the 
v a r i a t i o n .  T h i s  l a t t e r  m e t h o d  canno t  be  u s e d  in the  AGN-211 r e a c t o r  
s in c e  the  a v a i l a b l e  e x c e s s  r e a c t i v i t y  i s  qu i te  low. T h e  e x c e s s  r e ­
a c t i v i t y  of  the  s y s t e m  l i m i t s  the  to t a l  w o r t h  of  the  o s c i l l a t o r  r o d  as  
d i s c u s s e d  in  t h e  p r e v i o u s  c h a p t e r .
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It a p p e a r s ,  t h e n ,  t h a t  the  s t a t i s t i c s  a r e  about  w ha t  w ould  be 
e x p e c t e d  b a s e d  on  a P o i s s o n  d i s t r i b u t i o n  an d  th a t  t h e r e  i s  l i t t l e  c h an c e  
of im p r o v i n g  t h e m .  Runs  i n  w h ic h  th e  v a r i a n c e  c a l c u l a t e d  f r o m  e q u a ­
t i on  (53) w as  g r e a t e r  t h a n  1. 5 N  w e r e  d i s r e g a r d e d  a s  h av ing  s om e  
o t h e r  s ig n i f i c a n t  e r r o r .  L e s s  t h a n  5 p e r  c e n t  of  t h e  d a ta  r u n s  w e r e  
d i s c a r d e d  fo r  t h i s  r e a s o n .
E x p e r i m e n t a l  P a r a m e t e r s
The p a r a m e t e r s  r e q u i r e d  f o r  the  r e d u c t i o n  of  d a t a  a r e  the  v a l u e s  
of  A t  and  w u s e d  in  e q u a t io n  (48).  T h e  m e t h o d  u s e d  to d e t e r m i n e  
t h e s e  p a r a m e t e r s  is  d i s c u s s e d  in the  p r e v i o u s  c h a p t e r .
Since m o s t  of  the  d a t a  u s e d  f o r  t h i s  w o r k  w as  o b t a in e d  with  the  
o s c i l l a t o r  d r iv e n  by a s y n c h r o n o u s  m o t o r ,  on ly  the  va lu e  of  A t  i s  i n  
q u e s t i o n .  Any v a r i a t i o n  of  l i n e  f r e q u e n c y  w i l l  a p p e a r  a s  a  change  in  
A t  s in c e  A t  i s  m e a s u r e d  r e l a t i v e  to t h e  l ine  p e r i o d .
A p a r a m e t e r  s tu d y  w a s  m a d e  to f in d  th e  e f fec t  of  e r r o r s  in  the 
v a lu e  of  A t .  F o r  th i s  s tu d y  th e  va lue  of  A t  u s e d  in  th e  da t a  r e d u c t i o n  
p r o g r a m  w as  c h a n g e d  in s t e p s  o f  0. 1 p e r  c e n t  of  th e  m e a s u r e d  va lu e  of 
A t  fo r  s e v e r a l  s t e p s  e a c h  s id e  of the m e a s u r e d  v a l u e .  T h i s  s tudy  
sh o w e d  th a t  a t  30 c y c l e s  p e r  s e c o n d  a v a r i a t i o n  in t h e  va lue  of  A t  of  
0.1 p e r  cen t  c h a n g e d  the c o m p u t e d  v a lu e  of t h e  p h a s e  an g le  by  0. 25 
d e g r e e s .  Th is  e f f e c t  w as  n e a r l y  the  s a m e  f o r  a l l  f r e q u e n c i e s - - t h e
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a n g u l a r  change  b e in g  s l i g h t l y  g r e a t e r  a t  the h i g h e r  f r e q u e n c i e s  and  
l e s s  a t  th e  l o w e r  f r e q u e n c i e s .  No change i n  c a l c u l a t e d  a m p l i t u d e  w a s  
o b s e r v e d  fo r  v a r i a t i o n s  of  A t  up  to 0. 4 per  cen t  a l though  th e  a m p l i t u d e  
was  c a l c u l a t e d  to f o u r  s ig n i f i c a n t  f ig u re s .
The  ef fec t  of  o t h e r  p a r a m e t e r s  on  the c o m p u te d  v a l u e s  w as  a l s o  
c h e c k e d  e x p e r i m e n t a l l y .  T h e  r e a c t o r  was o p e r a t e d  at  s e v e r a l  p o w e r  
l e v e l s  so th a t  d i f f e r e n t  c o u n t r a t e s  a t  a  given p o s i t i o n  w e r e  u t i l i z e d .  The 
s a m e  n u m b e r  of  c o u n t s  w as  a c c u m u l a t e d  a t  e a c h  p o w e r  l e v e l  so  t h a t  the  
s t a t i s t i c a l  v a r i a t i o n s  sh o u ld  h a v e  b e e n  the s a m e .  The c o m p u t e d  v a r i ­
ance  w a s  s ig n i f i c a n t l y  l a r g e r  a t  the  low er  p o w e r  l e v e l s .  The  r a t i o  of  
the a m p l i t u d e  of  the  v a r i a t i o n  to th e  m ean  v a l u e  w as  a l s o  l a r g e r  a t  l o w e r  
c o u n t r a t e s ,  but  a p p l i c a t i o n  of  th e  c o r r e c t i o n  f a c t o r  g iven  in  F i g u r e  8 
b ro u g h t  the  r a t i o s  in to  good  a g r e e m e n t .  No c o n s i s t a n t  v a r i a t i o n  of  p h a s e  
angle  w i th  c o u n t r a t e  cou ld  be o b s e r v e d .  All  d a t a  r u n s  e x c e p t  t h o s e  a t  
d i s t a n c e s  g r e a t e r  t h a n  45 c e n t i m e t e r s  f r o m  th e  c e n t e r  w e r e  m a d e  at  
e s s e n t i a l l y  the  s a m e  a v e r a g e  c o u n t r a t e .  A t t h e  g r e a t e r  d i s t a n c e s  the  
f lux  w a s  too low fo r  t h e  c o u n t r a t e  n o r m a l l y  u s e d .  T h e  c o r r e c t i o n  f a c t o r s  
f r o m  F i g u r e  8 w e r e  u s e d  to  a d j u s t  a l l  data fo r  count ing  l o s s .
A n  a t t e m p t  w as  m a d e  to  d e t e r m i n e  the ef fec t  of s lo w ly  chang ing  
a v e r a g e  p o w e r  d u r i n g  the  t i m e  r e q u i r e d  to a c c u m u l a t e  d a ta .  No c o n ­
s i s t e n t  v a r i a t i o n s  w e r e  o b s e r v e d  if  t h e  r e s u l t i n g  c a l c u l a t i o n s  w e r e
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c o r r e c t e d  to the a v e r a g e  coun t ing  r a t e  d u r in g  th e  run .  -
It w ould  a p p e a r  th a t  the  m o s t  s ig n i f i c a n t  s o u r c e  of  e r r o r  in the  
c a l c u l a t e d  d a t a  can  be a t t r i b u t e d  to  i n a c c u r a c i e s  in  the  va lue  of A t  
u s e d  in  the  c o m p u t e r  c a l c u l a t i o n s .  The va lue  o f  A t  w a s  d e t e r m i n e d  by 
m e a s u r i n g  the  p u l s e  r e p e t i t i o n  r a t e  f r o m  the  t i m e  b a s e  g e n e r a t o r  a s  
d e s c r i b e d  in  the  p r e v i o u s  c h a p t e r .  The f i r s t  p u i s e r  u s e d  as  a t i m e  
b a s e  g e n e r a t o r  w as  a G e n e r a l  Rad io  Unit  P u i s e r .  P e r i o d i c  c a l i b r a t i o n  
s h o w e d  th a t  the  d r i f t  r a t e  w as  o f t e n  a s  h igh  as  0. 3 p e r  cent  p e r  h o u r  
an d  w a s  r a n d o m  in t i m e .  Th is  p u i s e r  w as  r e p l a c e d  by  a t r a n s i s t o r i z e d  
u n i t  c o n s t r u c t e d  fo r  th i s  e x p e r i m e n t a l  w o rk .  C a l i b r a t i o n  m e a s u r e ­
m e n t s  w e r e  m a d e  a t  the  b eg in n in g  and  end  of  e a c h  run .  The o b s e r v e d  
d r i f t  did not  e x c e e d  0. 4 p e r  cent  in  any s ix  h o u r  p e r i o d  and  a p p e a r e d  
to  be a func t ion  of  t e m p e r a t u r e  on ly .  Since the  R e a c t o r  L a b o r a t o r y  
t e m p e r a t u r e  did not  c y c l e  r a p i d l y ,  the  f r e q u e n c y  d r i f t  w as  s low  and
u n i f o r m .  The c a l i b r a t i o n  p r o c e d u r e  w as  a c c u r a t e  to on ly  - 0. 1 p e r
+
ce n t  so t h a t  i n a c c u r a c i e s  in  the c a l c u l a t e d  p h a s e  of  -  0. 25 d e g r e e s
m a y  h a v e  b e e n  i n t r o d u c e d  f r o m  t h i s  s o u r c e .
O b s e r v e d  V a r i a n c e  of Data  
The  m o s t  s i g n i f i c a n t  r e s u l t s  of  the  s tu d y  to  i n v e s t i g a t e  the  m e a s u r e d  
p h a s e  l a g  a s  a  fun c t io n  of  d i s t a n c e  b e tw e e n  the r e a c t o r  and th e  d e t e c t o r  
a r e  shown g r a p h i c a l l y  in  F i g u r e  17 and  F i g u r e  18. T h e  e x p e r i m e n t a l
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d a t a  on  t h e s e  two c u r v e s  show c o n s i d e r a b l e  d i s p e r s i o n .  A l e a s t  
s q u a r e  f i t  to a  s t r a i g h t  l ine ,  r e p r e s e n t e d  by the  d a s h e d  l ine  i n  each  
g r a p h ,  w a s  c a l c u l a t e d  to  show the  t r e n d  in  th e  da ta .  The  c a l c u l a t e d  
v a r i a n c e  of  th e  d a t a  to th i s  l ine  w as  0. 59 fo r  both  the  30 c y c l e  and 
60 c y c l e  p e r  s e c o n d  d a t a ,  which r e p r e s e n t s  a  d i s p e r s i o n  of  0. 77 
d e g r e e s .
The s o l id  c u r v e  c a l c u l a t e d  f r o m  the e q u a t io n s  of  C h a p t e r  III 
r e p r e s e n t s  a  b e t t e r  f i t  to  the  da ta .  T h e  v a r i a n c e  f r o m  the  c a l c u l a t e d  
c u r v e  i s  0. 53 f o r  the  60 cyc le  p e r  s e c o n d  d a t a  shown in  F i g u r e  18 and
0. 55 fo r  the  30 c y c l e  p e r  s e c o n d  da t a  shown in  F i g u r e  17. S ince  t h e r e  
e x i s t s  a  s t r o n g  p o s s i b i l i t y  of a  c o n s i s t e n t  e r r o r  in  o b ta in in g  th e  a b s o lu t e  
p h a s e  l a g  by  th e  m e t h o d  o u t l in e d  in  the  p r e v i o u s  c h a p t e r  the  e f fec t  of 
m o v in g  a l l  d a t a  p o in t s  w a s  i n v e s t i g a t e d .  T h i s  m o v e m e n t  w i l l  no t  c hange  
the  l e a s t  s q u a r e  f i t  to a  s t r a i g h t  l in e ,  bu t  does  c hange  the  v a r i a n c e  c o m ­
p u te d  f r o m  th e  t h e o r e t i c a l  c u rv e .  In b o th  c a s e s  the v a r i a n c e  cou ld  be 
m i n i m i z e d  by  a d d in g  0. 1 d e g r e e  to a l l  da ta .  T h e  v a l u e s  of  the  da ta  
p o in t s  o b t a i n e d  in  t h i s  m a n n e r  m a y  be c o n s i d e r e d  the  b e s t  f i t  o f  the d a t a  
to t h e  t h e o r y .
The  v a r i a n c e  b e t w e e n  the 60 c y c l e  p e r  s e c o n d  d a t a  an d  the  b e s t  
s t r a i g h t  l in e  i s  11. 4 p e r  cen t  g r e a t e r  t h a n  the  v a r i a n c e  b e t w e e n  the  d a t a  
an d  the  b e s t  f i t  to th e  t h e o r y .  The  v a r i a n c e  b e t w e e n  the  30 c y c l e  p e r
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s e c o n d  d a t a  an d  the  b e s t  s t r a i g h t  l in e  i s  7. 9 p e r  cen t  g r e a t e r  th a n  
the  v a r i a n c e  b e t w e e n  the  d a t a  an d  th e  b e s t  fit  to the  t h e o ry .
No t r e n d  cou ld  be o b s e r v e d  in the  r a t i o  of  t h e  a m p l i t u d e  of  the 
v a r i a t i o n  to  the  m e a n  n e u t r o n  l e v e l  w i th  p p s i t i o n .  H o w e v e r ,  i n  the 
r a n g e  of  t h e s e  i n v e s t i g a t i o n s ,  an y  t r e n d ,  i f  e x i s t a n t ,  would  be v e r y  
s m a l l .
C o n c l u s i o n s
The  e x p e r i m e n t a l  v e r i f i c a t i o n  of  t h e  p h a s e  sh if t  p r e d i c t e d  in a 
d i f fu s io n  m e d i u m  by e q u a t io n  (42) i n d i c a t e s  t h a t  the  t h e o r e t i c a l  m o d e l  
d e v e lo p e d  in  C h a p t e r  III i s  a v a l id  r e p r e s e n t a t i o n  of the  s y s t e m .  A p p l i ­
c a t io n  of  th e  t h e o r y  to m e d i a  o t h e r  t h a n  w a t e r  sh o u ld  a l so  be v e r i f i e d  
e x p e r i m e n t a l l y .  U n le s s  e x p e r i m e n t a l  v e r i f i c a t i o n  i s  m a d e  to e v a l u a t e  
th e  a p p r o x i m a t i o n s  i n c o r p o r a t e d  in  e q u a t i o n  (42),  the  m o r e  g e n e r a l  
e x p r e s s i o n ,  e q u a t io n  (34), shou ld  be  u s e d  to  p r e d i c t  the  p h a s e  as  a 
fu n c t io n  of p o s i t i o n ,  and  e q u a t io n  (46) sh o u ld  be  u s e d  to p r e d i c t  the 
a t t e n u a t io n .
W a t e r  h a s  a un iq u e  p r o p e r t y  a m o n g  the  c o m m o n  m a t e r i a l s  u s e d  
fo r  n e u t r o n  r e f l e c t i o n  and m o d e r a t i o n .  The  v a l u e  of  2  i s  l a r g e r
th a n  th e  va lue  of i / ' t "  . T h e  s i g n i f i c a n c e  of t h i s  m a y  be  s e e n  f r o m  a n  
e x a m i n a t i o n  of  e q u a t io n s  (22) and  (23) r e l a t i n g  t h e  s p a t i a l  d i s t r i b u t i o n  
of  th e  f lux  to  p o s i t i o n  f o r  f a s t  an d  t h e r m a l  n e u t r o n s .  It c a n  be s een
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th a t  f o r  w a t e r  t h e  f i r s t  t e r m  in  e q u a t io n  (23) will d e c r e a s e  m o r e  r a p i d l y  
th a n  th e  s e c o n d  so  t h a t  a t  l a r g e  d i s t a n c e s  f r o m  the  c o r e  th e  s e c o n d  t e r m  
p r e d o m i n a t e s .  F o r  l a r g e  d i s t a n c e s  th e n
=  F  e " , (55)
an d  th e  r a t i o  of  (j)g(x) to  (|) (̂x) b e c o m e s  a  cons tan t ,  F.  T h i s  con d i t io n  
m a y  be  o b s e r v e d  in  F i g u r e  16. F r o m  the  e x p r e s s i o n  f o r  F  g iven  by 
e q u a t io n  (24) and  th e  m a t e r i a l  c o n s t a n t s  f o r  wate r  s t a t e d  p r e v i o u s l y ,
F  = 2. 5. The e x p e r i m e n t a l  v a lu e  of F ,  d e t e r m i n e d  f r o m  th e  d a t a  of 
F i g u r e  16, i s  2. 0 in t h e  r a n g e  w h e r e  the  s lo p e s  a r e  in  a g r e e m e n t  w i th  
eq u a t io n s  (54) a n d  (55). T h i s  d i s c r e p a n c y  would i n d i c a t e  t h a t  th e  two 
g ro u p ,  one d i m e n s i o n  d i f fu s io n  e q u a t io n  u s e d  does not  a c c u r a t e l y  d e s ­
c r i b e  th e  s y s t e m  s tu d ie d .  It i s  a d e q u a t e  , h ow ever ,  to  a l l o w  p r e d i c t i o n  
of  a l i m i t i n g  v a lu e  f o r  th e  p h a s e  sh i f t  in  w a t e r .  T h i s  l i m i t i n g  a c t i o n  
shou ld  not  be the  c a s e  i n  o t h e r  m o d e r a t o r  m a t e r i a l s  such  a s  g r a p h i t e ,  
b e r y l l i u m  o r  h e a v y  w a t e r .  F o r  t h e s e  m a t e r i a l s ,  t h e  p h a s e  sh i f t  shou ld  
a p p r o a c h  a c o n s t a n t  s l o p e ,  r a t h e r  t h a n  a  cons tan t  ..value, s i n c e  t h e  f a s t  
g roup  f lu x  d e c r e a s e s  m o r e  r a p i d l y  w i th  p o s i t i o n  than  the  t h e r m a l  g roup .
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The  e x p e r i m e n t a l  r e s u l t s  v e r i f y  th a t  the  s e m i - e m p i r i c a l  e q u a ­
t i o n s  d e v e lo p e d  in C h a p t e r  III a r e  a  va l id  m o d e l  for  the  i n t e r p r e t a t i o n  
of  f r e q u e n c y  r e s p o n s e  m e a s u r e m e n t s .  E q u a t io n s  (45) an d  (46) m a y  be 
u s e d  to c a l c u l a t e  the  f r e q u e n c y  r e s p o n s e  of the r e a c t o r  c o r e  w h en  the 
m e a s u r e m e n t s  a r e  m a d e  s o m e  d i s t a n c e  f r o m  the  c o r e  i t s e l f .  P a r a m e t e r s  
of  the  r e a c t o r  c o r e  m a y  th e n  be d e t e r m i n e d  in  the  u s u a l  m a n n e r  f r o m  the  
k in e t i c  e q u a t io n s .
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A P P E N D IX  A
DERIVATIO N O F  T H E  R E A C T O R  KINETIC EQUATIONS
T h e  t r a n s p o r t  of n e u t r o n s  in  a m e d i u m  in  which  the p r o b a b i l i t y  
of  a b s o r p t i o n  i s  s m a l l  c o m p a r e d  to the p r o b a b i l i t y  of  s c a t t e r i n g  m a y  
be  d e s c r i b e d  by n e u t r o n  d i f fu s ion  e q u a t io n s .  In the s i m p l e s t  f o r m
~ D ^  (|) + V 2^ cj) - 2 ^  tj) (A-1)
w h e r e  :
n = the  n e u t r o n  d e n s i ty
D = th e  d i f fus ion  co e f f i c ien t  of  the m e d i u m
(j) = the  n e u t r o n  f lux
2  = m a c r o s c o p i c  a b s o r p t i o n  c r o s s  s e c t i o n  of  the  m e d i u m
2^ = m a c r o s c o p i c  f i s s i o n  c r o s s  s e c t i o n  of  t h e  m e d i u m
V  = a v e r a g e  n u m b e r  of  n e u t r o n s  p r o d u c e d  p e r  f i s s io n .
T h is  e q u a t io n  i s  a p p l i c a b l e  on ly  if  a l l  n e u t r o n s  have  the s a m e  e n e r g y ,  if 
th e  m e d i u m  i s  h o m o g e n e o u s  and if  t h e r e  a r e  no n e u t r o n  s o u r c e s  o t h e r  th a n  
f i s s i o n  n e u t r o n s .  If t h e s e  c ond i t ions  a r e  m e t ,  a s o lu t i o n  m a y  be o b ta in ed  
by a s s u m i n g  th a t  cj> i s  a  p r o d u c t  of a  func t ion  of  s p a c e  a n d  a func t ion  of  
t i m e .  The de f in i t i o n  o f  n e u t r o n  f lux, <)) = nv, w h è r e  v i s  th e  n e u t r o n
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v e l o c i t y  m a y  be u s e d  to  o b ta in
^  1 ^  = ((, + yZ^4). (A-2)
The equa t ion  (A-2) h a s  b e e n  u s e d  e x t e n s i v e l y  to d e v e lo p  a s e t  of 
r e a c t o r  k in e t i c  e q u a t io n s  to d e s c r i b e  the  t i m e  depende n t  b e h a v i o r  of  
n u c l e a r  r e a c t o r s .  The d e v e l o p m e n t  i s  in c lu d e d  h e r e  to s h o w  w hat  
f u r t h e r  a p p r o x i m a t i o n s  and a s s u m p t i o n s  m u s t  be m a d e  to  o b t a i n  the  
k i n e t i c  equa t ions .
Since  the  p r i m a r y  i n t e r e s t  i s  now in  the  t i m e  d e p e n d e n t  b e h a v i o r  
of  t h e  r e a c t o r ,  the s o u r c e  t e r m  in  e q u a t io n  (A-2) ,  i s  no t  a n
a d e q u a t e  r e p r e s e n t a t i o n  a s  i t  would  i m p l y  t h a t  a l l  n e u t r o n s  a r e  p r o ­
d u c e d  at the t i m e  of  f i s s i o n .  A c tu a l ly ,  a  s m a l l  f r a c t i o n  of  t h e  n e u ­
t r o n s  a r e  d e l a y e d - - b e i n g  e s s e n t i a l l y  t r a p p e d  in  r a d i o a c t i v e  n u c l i d e s  
a n d  r e l e a s e d  only  a t  the  t i m e  of d e c a y  of  the  nuc l ide  - - s o  t h a t  the  n e u ­
t r o n  s o u r c e  shou ld  be s p l i t  into a p r o m p t  t e r m ,  S^, an d  a d e l a y e d
t e r m ,  S , o r  
d
-r— = D ^  c b - Z c j i + S  + S . (A-3)a t  a p d
The  f i r s t  a s s u m p t i o n  t h a t  m u s t  be m a d e  i s  th a t  the  s p a t i a l  d i s t r i ­
bu t io n  of  the n e u t r o n  f lu x  d o e s  not  ch an g e  wi th  t i m e  so t h a t  the  s p a t i a l  
s o lu t i o n  to the  s t e a d y  s t a t e  p r o b l e m  m a y  be u s e d  in  the  n o n - s t e a d y  
s t a t e  c a s e .  F o r  the  s t e a d y  s t a t e  c a s e
2 2
V  cj) + B 4* = 0 (A-4)
2
B i s  the  r e a c t o r  b u c k l in g  a n d  in c l u d e s  a l l  of  the  c o n s t a n t s  of  e q u a t io n
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(A-2) .  H e r e  it i s  p e r m i s s i b l e  to l u m p  the  p r o m p t  and d e l a y e d  s o u r c e
t e r m s  t o g e t h e r  s ince  s t e a d y  s t a t e  i s  a s s u m e d .
C a r e  m u s t  be t a k e n  in  th e  u s e  of the  d i f fus ion  equ a t io n  s in c e  a l l
o f  the  n e u t r o n s  a r e  not  of the  s a m e  e n e r g y .  The  ef fec t  of  s low ing  down
f r o m  f i s s i o n  n e u t ro n  e n e r g i e s  to the  e n e r g y  a t  which the  n e u t r o n s  a r e
a b s o r b e d  m a y  be i n c o r p o r a t e d  in th e  e f f e c t iv e  m u l t i p l i c a t i o n  f a c t o r ,
k  , f o r  a  t h e r m a l  r e a c t o r ,  e
kg = T| f £ p (A-5)
wherei :
T] = the n u m b e r  of f a s t  n e u t r o n s  p r o d u c e d  (both p r o m p t  
and  de layed )  p e r  t h e r m a l  n e u t r o n  a b s o r b e d  in the  
fuel
f = the  t h e r m a l  u t i l i z a t i o n
£ = the  f a s t  f i s s i o n  f a c t o r
p = the  r e s o n a n c e  e s c a p e  p r o b a b i l i t y
F^ = the  t h e r m a l  non  l e a k a g e  p r o b a b i l i t y
F^ = the  f a s t  non  l e a k a g e  p r o b a b i l i t y .
It c a n  be shown t h a t  f o r  a  b a r e ,  h o m o g e n e o u s  r e a c t o r  w h ich  i s





The n e u t r o n  l i f e t i m e ,  JL , m a y  now  be d e f in e d  as
.  _ the  n u m b e r  of  n e u t r o ns  p r e s e n t  a t  s t e a d y  s t a t e  
th e  r a t e  of  supp ly  of  n e u t r o n s
The r a t e  at  w h ich  n e u t r o n s  a r e  s u p p l i e d  p e r  cubic  c e n t i m e t e r  to the
s y s t e m  in  s t e a d y  s t a t e  would be  s i m p l y  the  s o u r c e  t e r m  in  e q u a t io n
(A-2) if th e  n e u t r o n s  w e r e  a b s o r b e d  w i thou t  e n e r g y  lo s s .  F o r  a
t h e r m a l  r e a c t o r ,  h o w e v e r ,  no t  a l l  of  the f a s t  n e u t r o n s  p r o d u c e d  by
f i s s i o n  r e a c h  t h e r m a l  e n e r g i e s  so t h a t  the r a t e  of  supp ly  of  n e u t r o n s
m u s t  be m o d i f i e d  b y the  p r o b a b i l i t i e s  l i s t e d  u n d e r  equa t ion  (A-5).
Wi th  t h i s  m o d i f i c a t i o n
. (A-8)
4) V F ^  p E
F o r  non  s t e a d y  s t a t e ,  the  r a t e  of supp ly  i s  d e p e n d e n t  upon the  n e u t r o n
c o n c e n t r a t i o n  in  the  p r e v i o u s  g e n e r a t i o n ,  , and  th e  l i f e t i m e ,  J i^  ,
e
I S
n T| f e p F  F  n F
* =
s in ce
4) 2 ,  p e 2^4) (A-9)
jr* 2^ = T) f an d  . (A-10)
The c o m b i n a t i o n  of  e q u a t io n s  (A-3),  (A-4) a n d  (A-6) y ie ld s
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I t  = • " r f  +
but the  f i r s t  t e r m  on. the r i g h t  m a y  be s i m p l i f i e d  by u s in g  the v a lu e  of 
(|) f r o m  e q u a t io n  (A-9) and  s in c e  the  s p a t i a l  dep en d e n ce  h a s  b e e n  r e ­
m o v e d  by  the  u s e  of  e q u a t io n  (A-4) ,  the  p a r t i a l  d e r i v a t i v e  of n with 
r e s p e c t  to t m a y  be r e p l a c e d  by the  t o t a l  d e r iv a t iv e .
I t  = + %  + ^ d-
If a f r a c t i o n ,  p , of the n e u t r o n s  p r o d u c e d  by f i s s i o n  a r e  d e lay ed ,  
th e n  on ly  a p o r t i o n ,  1 - p , of the  n e u t r o n  p ro d u c t i o n  r a t e  u s e d  in  e q u a ­
t i o n  (A-9) c o m p r i s e s  the  p r o m p t  s o u r c e ,  S ,
Sp = 4) q f E p f '  (1 - p) (A-12)
w h e r e  m a y  d i f fe r  f r o m  the  a v e r a g e  v a lu e ,  F^ , i f  t h e  e n e r g y  of  the 
p r o m p t  n e u t r o n s  i s  d i f f e r e n t  f r o m  th e  a v e r a g e  n e u t r o n  e n e r g y  a t  the  
t i m e  of p ro d u c t i o n .  U s in g  the  p r e v i o u s  de f in i t ions
_ ^ k f '
P - Z T  n ( 1 - P) ^  . (A-13)
f
The  r a t e  a t  w h ich  d e l a y e d  n e u t r o n s  a r e  p r o d u c e d  i s  equa l  to  the  
r a t e  of  d e c a y  of  the  d e l a y e d  neu t ron ,  p r e c u r s o r  n u c l id e s .  The d e l a y e d  
s o u r c e  t e r m ,  , i s  the  r a t e  a t  w h ich  t h e s e  d e l a y e d  n e u t r o n s  r e a c h  
t h e r m a l  e n e r g i e s  so t h a t  f o r  th e  i - t h  g ro u p
= h  h
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w h e r e  :
= the  c o n c e n t r a t i o n  of  the  i - t h  p r e c u r s o r  g ro u p  
Xj, = the  decay c o n s ta n t  of the i - t h  p r e c u r s o r  g ro u p
p^ = the  r e s o n a n c e  e s c a p e  p r o b a b i l i t y  of the  i - t h  g ro u p
= the  fast  non l e a k a g e  p r o b a b i l i t y  of  the  i - t h  g roup .
Since  the  ene rgy  a.\. w h ich  the  d e l a y e d  n e u t r o n s  a r e  p r o d u c e d  i s  
a bove  the r e s o n a n c e  c a p t u r e  r e g io n ,  a good a p p r o x i m a t i o n  i s  t h a t  
p^ = p f o r  a l l  de layed  g r o u p s  b e c a u s e  a l l  n e u t r o n s  m u s t  s low  down 
th r o u g h  the  s a m e  r e s o n a n c e  r eg io n .  m a y  be qu i t e  d i f f e r e n t  f r o m
F^ f o r  m u c h  of  the fas t  l e a k a g e  o c c u r s  a t  th e  h i g h e s t  n e u t r o n  e n e r ­
g ie s .  A w e ig h t e d  a v e r a g e  of  F ^  a n d  the  F^^ w i l l  be u s e d  fo r  F^.
-  6 '
F j  = f ;  (1 - P) + 2  ^£i h
i=l
w h e r e  (3. i s  th e  f r a c t io n  of f i s s i o n  n e u t r o n s  w h ich  a r e  d e l a y e d  in 




A ls o  6
Y P = ^  Y. P. . (A-17)
i=l
T h en ,  f r o m  (A-15)
F f (i -  (3) = F^ (1 -  Y p) (A-18)
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T h e  s o u r c e  t e r m s  m a y  now be w r i t t e n  as
k
S = n  (1 -  yP) (A-19)
and
^di  =
The e f f e c t iv e  p r e c u r s o r  c o n c e n t r a t i o n ,  C , , m a y  b e  d e f in e d  a s
C. = c^ p . (A-21)
S u b s t i t u t in g  t h i s  into e q u a t io n  (A-20) and  s u m m i n g  8^ .  o v e r  a l l  i 





S u b s t i t u t in g  e q u a t io n s  (A-Z2) and  (A-19) in to  (A-11) y i e ld s
d k  *
d T  " ■ I »  +  n  (1 -  V U) +  2  - v A i
i=l
(kg -  1) -  Y P
n + /  Y- k.  C. .
Av 1 1 1
(A -23)
i=l
S ix  m o r e  r e l a t i o n s h i p s  a r e  r e q u i r e d  to ev a lu a te  the  C, in  (A-23).  
T h e y  m a y  be o b ta in e d  by m e a n s  of  a  m a t e r i a l  ba lan ce  on ea c h  of  the 
s i x  p r e c u r s o r  g ro u p s .  T h e  r a t e  of  p r o d u c t i o n  of the  c. n u c l id e s  i s  
j u s t  t i m e s  the  n e u t r o n  p r o d u c t i o n  r a t e  f r o m  f i s s i o n  a n d  th e  l o s s
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r a t e  i s  the  d e c a y  r a t e  of  the  c. n u c l id e s .
dc.
— = y Z  e cj) p. - X.. c. (A-24)
bu t  C.
y  Z .  = f -n Z  an d  c. =  so th a t
f a 1 p  F ,
dC.
-  =  T] f  p E Z  F  (j) p. -  X-. C. (A-25)d t  ' ^ a  f ^ '■̂i i  i
an d  f r o m  the  d e f in i t i o n s  of  k  ande
dC. k  p.
 ̂ ® '  n -  X. C. . (A-26)d t  jg* i i
F o r  s t e a d y  s t a t e  o p e r a t i o n ,  k^  m u s t  be equa l  to un i ty  so th a t
d e v ia t io n s  f r o m  s t e a d y  s t a t e  c a n  be  m o s t  e a s i l y  d e s c r i b e d  by th e
d ev ia t io n  of k  f r o m  one .  L e t  
e
Ak = k - 1 . (A-27)
e e
T he  se t  of  s e v e n  s i m u l t a n e o u s  d i f f e r e n t i a l  e q u a t io n s  r e f e r r e d  to  as  
th e  n u c l e a r  r e a c t o r  k i n e t i c  e q u a t io n s  a r e  th e n
Ak - y p k dn e ’ e
d t
i = l
( A - 2 8 )
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dC. k p.
 ̂ ^  ̂ n  - k. C. ; i = 1 to 6. (A-29)d t  i i
T h e  cond i t ions  t h a t  s h o u ld  be s a t i s f i e d  fo r  a p p l i c a t i o n  o f  the  
k in e t ic  e q u a t io n s  a r e  t h o s e  a s s u m e d  fo r  the  d e r i v a t i o n  of  the  d i f fus ion  
e q u a t io n  p lu s  the  a p p r o x i m a t i o n s  m a d e  s u b s e q u e n t l y  to  o b ta in  the  
k in e t i c  e q u a t io n s .  One c o n d i t io n ,  tha t  of m o n o e n e r g e t i c  n e u t r o n s ,  m a y  
be  r e l a x e d  s in c e  th e  e f f e c t  of  s lowing down f r o m  f i s s i o n  e n e r g i e s  to 
t h e r m a l  e n e r g i e s  h a s  b e e n  a c c o u n te d  fo r  to  s o m e  ex ten t .  It h a s  b e e n  
found e x p e r i m e n t a l l y  t h a t  the  k i n e t i c  e q u a t io n s  a r e  a v a l i d  d e s c r i p t i o n  
of  m a n y  s y s t e m s  w h e r e  t h e s e  cond i t ions  a r e  not  s a t i s f i e d .  The  e q u a ­
t i o n s  h av e  found w i d e s p r e a d  u s e  in s tu d ie s  of  th e  s t a b i l i t y  and  t r a n s i e n t  
b e h a v i o r  of m o s t  t y p e s  of  n u c l e a r  r e a c t o r s .
A P P E N D I X  B
LIN E A R IZ A T IO N  AND T R A N SF O R M A T IO N  O F  T H E  
R E A C T O R  K IN E T IC  EQ UATIO NS
T he  k in e t i c  e q u a t io n s  d e v e lo p e d  in  A p p en d ix  A m a y  be l i n e a r i z e d  
and  t r a n s f o r m e d  to  o b ta in  a  t r a n s f e r  fun c t io n  w h ic h  i s  u s e f u l  in  f r e ­
q u e n c y  r e s p o n s e  s t u d i e s  of  a n u c l e a r  r e a c t o r .  The  l i n e a r i z a t i o n  m a y  
be a c c o m p l i s h e d  b y  a s s u m i n g  th a t :
n  = n^ + An (B-1)
C. = C.Q + AC. (B-2)
k  = 1 .+ Ak (B-3)e e
w h e r e  An,  AC. a n d  Ak a r e  s m a l l  v a r i a t i o n s  abou t  the  r e s p e c t i v e  
1 e
s t e a d y  s t a t e  v a l u e s ,  n^ ,  C .^  an d  uni ty .
If t h e s e  va lues  a r e  s u b s t i t u t e d  into e q u a t io n s  (A-28)  and  (A-29) 
and  a l l  t e r m s  invo lv ing  p r o d u c t s  of  the v a r i a t i o n s  a r e  d r o p p e d  a s  
n e g l ig ib l y  s m a l l  c o m p a r e d  to the  o t h e r  t e r m s  th e n
T f  “ ------- -------------  "o • ^
6 6
+ I  + I  AC. (B-4)
i = l  i= l
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1 0 6
d C .^  dAC.  P,  ^
d t  d t  ^0
-  \  (C.Q - AC.).  (B-5)
E q u a t i o n s  (A-28)  and  (A -29)  a r e  a s s u m e d  v a l i d  u n d e r  a n y  co n d i t io n s  
so th a t
dn A k  - Y P k0 e '
dt  0 I  Yi \  C.„ (B-6)
i=l
Pi ‘' e
d t  0 i 10
S u b t r a c t i n g  (B -6 )  f r o m  (B-4)  an d  (B-7)  f r o m  (B-5)
\  • ( B - 7 )
J A AkdA n _ e





An - \ .  AC..  (B-9)d t  1 1
E q u a t io n  (B-8)  m a y  be s i m p l i f i e d  by s u b s t i t u t i n g  the  v a l u e  of  k. AC. 
f r o m  e q u a t io n  (B-9)  an d  r e c a l l i n g  th a t
6




The fo l lowing  s e t  of  l i n e a r i z e d  e q u a t io n s  is  the n  o b ta in e d
J A AkdAn _ e






—̂  An -  h . AC. ,  i  = 1 to  6. (B-9)
T h e s e  equa t ions  m a y  now be t r a n s f o r m e d  a s s u m i n g  z e r o  in i t i a l  
co n d i t io n s  to obta in
n .




s A C.( s )  = —T- An(s)  -  X . A C .(s ) ,  i = 1 to 6. (B-12)
1 1






j ^ ( s  +X.)
(B-13)
By expand ing  t h e  s u m m a t i o n  i n  e q u a t io n  (B-13) a n d  m u l t ip ly in g  
bo th  th e  n u m e r a t o r  a n d  d e n o m i n a t o r  by  the  p r o d u c t
(s + X̂ ) (s + X^)(s + X^)(s + X^)(s + Xg)(s + X^)
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th e  e qua t ion  m a y  be r e d u c e d  to f o r m
An(s)  _ ^0 1=1’
A k j s )
(B-14)
T T
(s + r . )
1=1
w h e r e  the  r^ a r e  the r o o t s  of  the  d e n o m i n a t o r .  T h e s e  r o o t s  m a y  be
found  fo r  any  s y s t e m  if  the  v a l u e s  of  ^.nd ^  * a r e  known.
U s in g  the v a l u e s  of  X. an d  d e t e r m i n e d  by Keepin ,  W i m e t t  and
Z e i g l e r  [27] f o r  u r a n i u m - 2 3 5  fue l  i t  can  be shown th a t  f o r  v a lu e s  of  
-4
l e s s  t h a n  10 s e c o n d s :  [2]
An(s)  ^ (s+3.01)(s+1.14)(s+0.301)(s+0.111)(s+0.0305)(s+0.0124)
J t  s ( s + ^  )(s+2.40)(s+1.020)(s+0.159)(s+0.0681Xs+0.0143)
i s  a  v e r y  good a p p r o x i m a t i o n .
To o b ta in  a  func t ion  to d e s c r i b e  the  f r e q u e n c y  r e s p o n s e  of the 
r e a c t o r  i t  i s  n e c e s s a r y  to  r e p l a c e  s by  j w in  the above  e x p r e s s i o n ,  
w i s  the s y s t e m  f r e q u e n c y  in  r a d i a n s  p e r  s e c o n d  and j i s  the s q u a r e  
r o o t  of -1. The  p r o b l e m  of r a t i o n a l i z i n g  th e  r e s u l t i n g  e x p r e s s i o n  to 
o b t a in  the ga in  and  p h a s e  sh i f t  m a y  b e s t  be h a n d le d  g r a p h i c a l l y .  F o r  
f r e q u e n c i e s  g r e a t e r  t h a n  10 r a d i a n s  p e r  s eco n d ,  h o w e v e r ,  on ly  the 
s h o r t e s t  s y s t e m  t i m e  c o n s t a n t  i s  i m p o r t a n t  and  the fo l low ing  a p p r o x i ­
m a t i o n  m a y  be u s e d




T h is  a p p ro x im a t io n  i m p r o v e s  with  i n c r e a s i n g  f r e q u e n c y .
In e x p e r i m e n t a l  w o r k  in  r e a c t o r  k i n e t i c s  i t  i s  m o r e  co n v e n ie n t  
to  w o r k  with  a n o r m a l i z e d  f o r m  of e q u a t io n  (B-16).
An(joo) 
n
Ak (j ÙJ )
v(3e ' jto + 1
The  r a t i o  of An to n^ a l lo w s  the  u s e  of  a  d e t e c t o r  s y s t e m  in  which  
the  a b s o lu t e  s e n s i t i v i t y  i s  not  known a n d  p e r m i t s  c o m p a r i s o n  of 
m e a s u r e m e n t s  made at  d i f f e r e n t  s t e a d y  s t a t e  l e v e l s .  U s in g  the  r a t i o  
of  Ak^ to yP a s  an inpu t  f unc t ion  a l l o w s  c o m p a r i s o n  b e t w e e n  r e a c ­
t o r s  which  h a v e  d i f f e re n t  d e l a y e d  n e u t r o n  e f f e c t i v e n e s s  f a c t o r s  o r  







T h e n
= j À r r  -
i  T  CO 1
a n d  the  ga in  a n d  phase  sh i f t  m a y  be  c a l c u l a t e d  in  the  u s u a l  m a n n e r  a s
G a in  = 10 log  ------- ^ — y - . (B-Zl)
1 + w T
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-1
P h a s e  sh i f t  = t a n  (-w T) . (B-22)
E q u a t io n s  (B-21) and  (B -2 2 ) ,  w h i le  b a s e d  on s e v e r a l  a p p r o x i m a t i o n s  , 
w i l l  be  u s e d  fo r  c o m p a r i s o n  p u r p o s e s  in  a n a ly z in g  the  e x p e r i m e n t a l  da ta .
A P P E N D I C  C
N O M E N C L A T U R E
A A v e r a g e  va lue  of  th e  ou tput  s ig n a l  f r o m  d a ta  r e d u c t io n  p r o g r a m
A ^  R e l a t i v e  f r a c t i o n  of  the  ou tpu t  r e a c h i n g  the  m - t h  s p a t i a l  point
by t h e r m a l  d i f fu s io n
B C o n s tan t  in th e  d a t a  r e d u c t i o n  p r o g r a m
2
B R e a c t o r  buck ing  c o n s t a n t
B ^  R e l a t i v e  f r a c t i o n  of the  ou tput  r e a c h i n g  th e  m - t h  s p a t i a l  point  
by  f a s t  d i f fus ion  and  s low ing  down 
C C o n s ta n t  in the  da ta  r e d u c t i o n  p r o g r a m
c^ D e la y e d  n e u t r o n  p r e c u r s o r  c o n c e n t r a t i o n  fo r  t h e  i - t h  group
C^ E f fe c t iv e  d e l a y e d  n e u t r o n  p r e c u r s o r  c o n c e n t r a t i o n  fo r  the  i - t h  
g roup
C ^  R e la t i v e  a m p l i t u d e  of  the  ou tpu t  s ig n a l  a t  the  m - t h  s p a t i a l  
po in t
D Dif fus ion  c o e f f i c i e n t
D^ High e n e r g y  g r o u p  d i f fu s ion  c o e f f i c i e n t
D^ Low e n e r g y  g r o u p  d i f fu s ion  c o e f f i c i e n t
D^^ T h e r m a l  e n e r g y  g ro u p  d i f fu s ion  c o e f f i c i e n t  
f  O s c i l l a t o r  f r e q u e n c y ,  c y c l e s  p e r  s e c o n d ,  e q u a t io n  (48) only
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f T h e r m a l  u t i l i z a t i o n
F  A c o n s ta n t  in  th e  so lu t ion  to the  two group  s t e a d y  s t a t e  d if fus ion
e q u a t io n s
F a s t  n o n le a k a g e  p r o b a b i l i t y  
F^ T h e r m a l  n o n le a k a g e  p r o b a b i l i t y  
G(s) R e a c t o r  t r a n s f e r  func t ion
i  ' S u b s c r ip t  den o t in g  p r e c u r s o r  g ro u p  fo r  d e lay ed  n e u t r o n s
j S u b s c r i p t  den o t in g  s p a t i a l  p o s i t i o n
k^ E f f e c t iv e  m u l t i p l i c a t i o n  c o n s t a n t
E f f e c t iv e  n e u t r o n  l i f e t i m e
m  S u b s c r i p t  den o t in g  s p a t i a l  p o s i t i o n
n  N e u t ro n  c o n c e n t r a t i o n
N e u t r o n  c o n c e n t r a t i o n  a t  s t e a d y  s t a t e
p  R e s o n a n c e  e s c a p e  p r o b a b i l i t y
s C o m p le x  d o m a in
C a l c u l a t e d  v a r i a n c e  of  e x p e r i m e n t a l  da ta  to c o m p u t e r  fit
D e layed  n e u t r o n  s o u r c e
8 S t a n d a rd  d e v i a t i o n  of  a  P o i s s o n  d i s t r i b u t io n
e
S P r o m p t  n e u t r o n  s o u r c e
P
t  T i m e
T  S h o r t e s t  s y s t e m  t i m e  c o n s t a n t
At T i m e  i n t e r v a l  f o r  da ta  a c c u m u l a t i o n  
V  N e u t r o n  v e l o c i t y
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X  P o s i t i o n
y C o m p u t e d  va lue  of the  n e u t r o n  ou tpu t  a t  the  n - t h  t i m e  i n t e r v a l
a.  P h a s e  sh if t  be tw een  c o r e  r e s p o n s e  and  r e s p o n s e  m e a s u r e d
a t  t h e  j - t h  s p a t i a l  po in t  
p F r a c t i o n  of  the  f i s s ion  n e u t r o n s  which  a r e  d e l a y e d
Y E f f e c t i v e n e s s  of  d e l a y e d  n e u t r o n s
A V a r i a t i o n
E F a s t  F i s s i o n  F a c t o r
e(x,t) T i m e  d epende n t  p o r t i o n  of the s o lu t io n  to the d i f fu s io n  eq u a t io n
T| N u m b e r  of n e u t ro n s  p r o d u c e d  p e r  n e u t r o n  a b s o r b e d  in  r e a c t o r
fue l
6 P h a s e  sh if t  b e tw e e n  output  and input
D e c a y  c o n s t a n t  of t h e  i - t h  d e l a y e d  gijoup 
y  N u m b e r  of  n e u t ro n s  p r o d u c e d  p e r  f i s s i o n
M a c r o s c o p i c  n e u t r o n  a b s o r p t i o n  c r o s s  s e c t i o n  
2^ M a c r o s c o p i c  n e u t r o n  r e m o v a l  c r o s s  s e c t i o n  f o r  th e  h ig h  e n e r g y
g r o u p
2 ^  M a c r o s c o p i c  n e u t r o n  r e m o v a l  c r o s s  s e c t i o n  f o r  th e  low e n e r g y  
g r o u p  
T N e u t r o n  age
(j) N e u t r o n  f lux
CO O s c i l l a t o r  f r e q u e n c y ,  r a d i a n s  p e r  s e c o n d
